The Thoracic Morphology of Archostemata and the Relationships of the Extant Suborders of Coleoptera (Hexapoda) by Farrell, Brian et al.
 
The Thoracic Morphology of Archostemata and the Relationships of
the Extant Suborders of Coleoptera (Hexapoda)
 
 
(Article begins on next page)
The Harvard community has made this article openly available.
Please share how this access benefits you. Your story matters.
Citation Friederich, Frank, Brian D. Farrell, and Rolf G Beutel. 2009.  The
thoracic morphology of Archostemata and the relationships of the
extant suborders of Coleoptera (Hexapoda).  Cladistics 25, no. 1:
1-37.
Published Version doi:10.1111/j.1096-0031.2008.00233.x
Accessed February 17, 2015 6:46:47 PM EST
Citable Link http://nrs.harvard.edu/urn-3:HUL.InstRepos:3114645
Terms of Use This article was downloaded from Harvard University's DASH
repository, and is made available under the terms and conditions
applicable to Other Posted Material, as set forth at
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-
use#LAAThe thoracic morphology of Archostemata and the relationships of
the extant suborders of Coleoptera (Hexapoda)
Frank Friedrich
a,*, Brian D. Farrell
b and Rolf G. Beutel
a
aInstitut fu¨r Spezielle Zoologie und Evolutionsbiologie, Friedrich-Schiller-University Jena, D–07743 Jena, Germany;
bMuseum of Comparative Zoology,
Harvard University, Cambridge, MA 02138, USA
Accepted 28 May 2008
Abstract
Thoracic structures of Tetraphalerus bruchi are described in detail. The results were compared with features found in other
representatives of Archostemata and other coleopteran suborders. Di erences between thoracic structures of Tetraphalerus and
members of other archostematan subgroups are discussed. External and internal characters of larval and adult representatives of 37
genera of the coleopteran suborders are outlined, coded and analysed cladistically, with four groups of Neuropterida as outgroup
taxa. The results strongly suggest the branching pattern Archostemata + [Adephaga + (Myxophaga + Polyphaga)]. Coleoptera
excluding Archostemata are supported with a high Bremer support. Important evolutionary changes linked with this branching
event are simpliﬁcations of the thoracic skeleton resulting in reduced degrees of freedom (i.e. a restricted movability, especially at the
leg bases), and a distinct simpliﬁcation of the muscle system. This development culminates in Polyphaga, which are also strongly
supported as a clade. Internalization of the partly reduced propleura, further muscle losses, and the fusion of the mesoventrites and
metaventrites—with reversal in Scirtoidea and Derodontidae—are autapomorphies of Polyphaga. Archostemata is a small relict
group in contrast to highly successful xylobiontic groups of Polyphaga. The less e cient thoracic locomotor apparatus, the lack of
cryptonephric Malpighian tubules, and the rise of angiosperms with beetle groups primarily adjusted to them may have contributed
to the decline of Archostemata.
  The Willi Hennig Society 2008.
Introduction
The key role of the small relict group Archostemata
in the phylogenetic reconstruction of the extremely
species-rich Coleoptera is reﬂected by the widely
recognized preservation of many plesiomorphic fea-
tures in the adult stage (Beutel and Haas, 2000;
Kukalova ´ -Peck and Lawrence, 2004), the strong rep-
resentation in the early Mesozoic fossil record (Pon-
omarenko, 1969), and the controversy about its
placement in older and recent phylogenetic studies. A
scenario with Archostemata as the most ancestral
branch and the small suborder Myxophaga closely
related with the extremely species-rich Polyphaga was
suggested by Crowson (1960). This scheme was pre-
sented as a Hennigian phylogenetic tree by Klausnitzer
(1975), with 14 characters mapped on it. A di erent
hypothesis with Archostemata as sister group of
Adephaga was proposed by Baehr (1979) based on a
non-numerical analysis of prothoracic features, similar
to a scheme earlier suggested by Vulcano and Pereira
(1975), with ‘‘Cupediformia’’ as a subordinate group of
Adephaga. A branching pattern Polyphaga + [Arch-
ostemata + (Myxophaga + Adephaga)] was sug-
gested by Kukalova ´ -Peck and Lawrence (1993) based
on an informal evaluation of characters of the hind
wing. The ﬁrst cladistic evaluation of a comprehensive
morphological data set was presented by Beutel and
Haas (2000). The results conﬁrmed Crowson s idea,
with the branching pattern Archostemata + [Adeph-
aga + (Myxophaga + Polyphaga)]. This was again
challenged by Kukalova ´ -Peck and Lawrence (2004),
who obtained the same pattern as in their earlier study
with a numerical analysis of a similar set of wing
characters. In a molecular study based on 18S rDNA
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Cladistics 25 (2009) 1–37Adephaga and Polyphaga were placed as sister groups,
with Archostemata and Myxophaga basal to them
(Shull et al., 2001; see also Vogler, 2005). In another
analysis of 18S rDNA data (Caterino et al., 2002),
Archostemata was placed as sister group of the other
suborders after constraining Coleoptera and the sub-
orders as monophyletic, and Adephaga as sister taxon
of Polyphaga, as in Shull et al. (2001). A sister-group
relationship between Cupedidae (as the only archoste-
matan terminal) and the myxophagan family Sphaeri-
usidae was obtained in a recent molecular study with a
very comprehensive sampling of adephagan and
polyphagan taxa (Hunt et al., 2007).
Despite the widely recognized phylogenetic impor-
tance of the group, the morphology of archostematan
species, which are generally rare or extremely rare
(Beutel et al., 2008), is still insu ciently studied.
Whereas a considerable amount of information on
larval features (Beutel and Ho ¨ rnschemeyer, 2002a,b)
and adult head structures (Ho ¨ rnschemeyer et al., 2002,
2006; Beutel et al., 2008) has accumulated recently, to
date, Priacma serrata was the only species of Archo-
stemata with well-studied and documented thoracic
features (Baehr, 1975). Therefore, an improved knowl-
edge of archostematan thoracic structures appeared to
be highly desirable. In 2006, a series of Tetraphalerus
bruchi, a very rare species of Ommatidae, was collected
by Adriana Marvaldi in the framework of the Beetle
Tree of Life (BToL) project. Some specimens were used
for extraction of DNA and others for morphological
investigations. One purpose of the present study was
the detailed documentation of thoracic features using
innovative morphological techniques such as micro-
computer tomography (l-CT) imaging and computer-
aided three-dimensional reconstructions. The second
aim is the re-evaluation of the interrelationships of the
four coleopteran suborders. The available morpholog-
ical data, not only concerning Archostemata, but also
other groups of beetles has greatly increased during the
last few years (Beutel and Ho ¨ rnschemeyer, 2002a,b;
Ho ¨ rnschemeyer et al., 2002, 2006; Anton and Beutel,
2004, 2006; Beutel and Komarek, 2004; Ho ¨ rnschemeyer,
2004, 2005; Lawrence, 2005; Leschen, 2005; Friedrich
and Beutel, 2006; Ge et al., 2007; Beutel et al., 2008).
Therefore, it appeared appropriate to readdress the
issue of the subordinal interrelationships based on an
extensive morphological data set involving characters
of di erent life stages and external and internal
structures of all body regions. The starting point was
a data matrix presented in Beutel and Haas (2000).
However, many data unavailable at that time, and
potentially ‘‘ancestral’’ polyphagan taxa (Lawrence,
1999, p. 383) such as Eucinetidae, Scirtidae, Clambidae
(Scirtoidea) and Dascillidae were added to the matrix.
A third aim of this contribution was to develop an
evolutionary scenario for the early evolution of beetles
based on the results of the cladistic analyses, with the
focus on the question of why Archostemata, which
were a rather successful lineage in the early Mesozoic,
became nearly extinct, whereas other wood associated
groups such as Buprestidae and Cerambycidae were
extremely successful.
Materials and methods
List of species studied (terminal taxa used in cladistic
analysis in bold face). For additional taxa examined see
Beutel and Haas (2000).
Owing to lack of material or unknown immature
stages several terminal taxa included in the analyses (e.g.
Raphidiidae, Corydalinae, Ommatidae, Cupedidae) are
chimeras with di erent larval and adult representatives.
This approach was used when both stages belong to
di erent supraspeciﬁc taxa, which are however more
closely related to each other than with any other taxon
used in the analysis.
Archostemata: Cupedidae (chimera): Priacma serrata
LeConte, 1861 (A = adult: FAE = formaldehyde–
ethanol–acetic acid; diss. = dissected, SEM = scan-
ning electron microscopy; Montana, USA, collected by
PD Dr Th. Ho ¨ rnschemeyer [University of Go ¨ ttingen]),
Rhipisideigma ra rayi (Fairmaire, 1884) (L = larva:
ethanol; diss., micr. = microtome sections; northern
Madagascar, Ambohitantely Nat. Res., collected by
P. S ˇ va ´ cha)
Ommatidae (chimera): Tetraphalerus bruchi Heller,
1913 (A: FAE; diss., micr., l-CT, SEM; Argentina,
Provincia de Mendoza, collected by Dra. A. Marvaldi),
Omma stanleyi Newman, 1839 [L: ethanol; external
features examined (Australian National Insect Colle-
tion, CSIRO Canberra)]
Micromalthidae: Micromalthus debilis Heller, 1913
(A: FAE; diss., micr., l-CT; collected from colonies in
the labs of Prof. Dr. D. R. Maddison and T. Ho ¨ rn-
schemeyer, respectively)
Myxophaga: Torridincolidae: Ytu zeus Reichardt,
1973 (L: micr., SEM; A: micr.; Brazil, provided by
Prof. Dr. Cl. Costa), Satonius kurosawai (Sato ˆ , 1982) (L,
A: ethanol; Japan, Aichi Prefecture, collected by the late
Masataka Sato ˆ )
Microsporidae: Microsporus spp. (undetermined spe-
cies from Arizona and Europe) (L, A: FAE; micr., SEM;
Arizona, USA, collected by R. G. Beutel and D. R.
Maddison)
Hydroscaphidae: Hydroscapha natans LeConte, 1874
(L: FAE; micr., SEM; A: FAE; micr., SEM; Arizona,
USA, collected by R. G. Beutel and D. R. Maddison)
Adephaga: Gyrinidae: Spanglerogyrus albiventris
Folkerts, 1979 [A: FAE; micr., SEM; Alabama, USA,
collected by R. G. Beutel and Prof. Dr. R. E. Roughley
(University of Manitoba)], Gyrinus substriatus Stephens,
2 F. Friedrich et al. / Cladistics 25 (2009) 1–371828 (L, A: Bouin; micr.; Germany, collected by R. G.
Beutel)
Haliplidae: Haliplus lineatocollis Marsham, 1802 (L:
Dubosq-Brasil, FAE; micr.; A: Dubosq-Brazil; diss.,
SEM; Go ¨ nninger See, Germany, collected by R. G.
Beutel)
Trachypachidae: Trachypachus holmbergi Manner-
heim, 1853 (L: micr., SEM; A: FAE; diss., SEM;
Edmonton, Canada, collected by R. E. Roughley)
Noteridae: Noterus crassicornis Mu ¨ ller, 1776 (L: FAE;
diss., micr.; A: FAE; diss.; Jena, Germany, collected by
R. G. Beutel)
Amphizoidae: Amphizoa lecontei Matthews, 1872 (L:
ethanol; diss., micr.; A: FAE; diss., SEM; British
Columbia, Canada, collected by R. G. Beutel)
Hygrobiidae: Hygrobia tarda (Herbst, 1804) (L: Bou-
in; diss.; A: Bouin; micr., diss., SEM; Mu ¨ nsterland,
Germany, collected by R. G. Beutel)
Dytiscidae: Dytiscus marginalis Linnaeus, 1758 (L:
FAE; diss.; A: FAE; diss.; Jena, Germany, collected by
R. G. Beutel)
Carabidae: Carabus spp. (L: FAE; micr.; A: FAE,
diss.; Jena, Germany, collected by R. G. Beutel)
Polyphaga: Staphylinoidea, Hydraenidae: Ochthebius
spp. (L, A: FAE; micr., SEM; Thu ¨ ringer Wald,
Germany, collected by R. G. Beutel)
Agyrtidae: Necrophilus hydrophiloides Gue ´ rin-Menne-
ville, 1835 (L: micr.; Field Museum, made available by
Dr. A. F. Newton) (data on adults taken from the
literature; e.g. Newton, 2005).
Leiodidae: Catops sp. (L: micr.; A: diss., micr.; Jena,
Germany, collected by E. Anton)
Silphidae: Nicrophorus spp. (L: FAE; diss.; A: ethanol;
diss., micr.; Jena, Germany, collected by R. G. Beutel)
Hydrophiloidea, Hydrophilidae: Hydrophilus piceus
(Linnaeus, 1758) (L, A: FAE; diss.; Muldeauen, Dessau,
Germany, collected by R. G. Beutel)
Helophoridae: Helophorus sp. (L: micr., diss., SEM;
A: diss., SEM; Jena, Germany, collected by R. G.
Beutel)
Scarabaeoidea, Scarabaeidae: Cetonia aurata Linn-
aeus, 1758 (L, A: FAE; diss.; Jena, Germany, collected
by R. G. Beutel)
Dascilloidea, Dascillidae: Dascillus cervinus Linnaeus,
1758 (A: ethanol; diss., micr., SEM; Jena, Germany,
collected by E. Anton)
Scirtoidea, Eucinetidae: Eucinetus sp. (L: ethanol;
micr; A: ethanol; diss., micr., SEM; Blue Ridge Pkwy.,
USA, collected by A. F. Newton [Field Museum of
Natural History, Chicago, USA])
Clambidae: Calyptomerus sp. (A: ethanol; micr.;
Germany, collected by E. Anton) (larval characters
taken from Lawrence, 1991 and Leschen, 2005).
Scirtidae: Elodes sp. (L: ethanol; diss.; A: FAE;
diss., micr., SEM; Jena, Germany, collected by F.
Friedrich)
Byrrhidae (chimera): Byrrhus sp. (A: FAE; diss.),
Cytilus alternatus Say, 1825 (L: ethanol; diss.; provided
by Dr. P. J. Johnson [South Dakota State University)
Elateridae: Selatosomus aeneus (Linnaeus, 1758) (A:
dried; collection of the Phyletisches Museum) (thoracic
musculature treated in Larse ´ n, 1966)
Cantharidae: Cantharis spp. (L: FAE; diss.), Cantha-
ris fusca (Linnaeus, 1758) (A: FAE; diss.; Jena, Ger-
many, collected by R. G. Beutel)
Derodontidae: Derodontus maculatus Melsheimer,
1844 (L: ethanol; A: FAE; diss., micr., SEM; Arkansas,
USA, provided by R. Leschen)
Coccinellidae: Coccinella sp. (L, A: FAE; diss.; Jena,
Germany, collected by R. G. Beutel)
Tenebrionidae: Tenebrio molitor Linnaeus, 1758 (L,
A: FAE; diss.; Jena, Germany, collected by R. G.
Beutel)
Chyrsomelidae: Leptinotarsa decemlineata (Say, 1824)
(L, A: FAE, 70% ethanol; diss.; Jena, Germany,
collected by R. G. Beutel), several undetermined species
(L: FAE; diss.; Jena, Germany, collected by R. G.
Beutel)
Outgroup:
Megaloptera, Sialidae: Sialis sp. (L, A: FAE; diss.;
Jena, Germany, collected by R. G. Beutel)
Corydalidae, Corydalinae (chimera): Neohermes sp.
(L: FAE; diss.; Arizona, USA, coll. By D. R. Maddi-
son), Corydalus sp. (A, L: ethanol; loan from the
Zoologische Staatssammlung Mu ¨ nchen)
Raphidioptera, Raphidiidae (chimera): Raphidia
sp. (L: FAE; diss., micr., SEM; A: FAE, ethanol;
diss.; Jena, Germany, collected by F. Hu ¨ nefeld
and R. G. Beutel) (data on adults of Agulla taken
from Ferris and Pennebaker, 1939 and Matsuda,
1956)
Neuroptera, Myrmeleontidae: Myrmeleon sp. (L, A:
FAE; diss.; Jena, Germany, collected by R. G. Beutel
and E. Anton), Myrmelontidae spp. (A: FAE; undeter-
mined species from Provincia de Mendoza, Argentina,
collected by R. G. Beutel)
Three representatives of Scirtoidea and Dascillidae
not included in Beutel and Haas (2000) were added
to the matrix. A number of characters were
excluded either because they were uninformative,
insu ciently documented, or not clearly deﬁnable as
discrete states.
Additional data were extracted from the literature
(e.g. thoracic muscles of adults of Coleoptera: Larse ´ n,
1966; Baehr, 1975 etc.; muscles of Neuropterida:
Matsuda, 1956, 1970; Maki, 1936, 1938; Korn, 1943;
Czihak, 1953; Kelsey, 1954, 1957; Mickoleit, 1973;
larval morphology: Bo ¨ ving and Craighead, 1931;
Lawrence, 1991, 2005; LeSage, 1991; Leschen, 2005;
etc.).
Only few specimens of Tetraphalerus bruchi
were available for this study. We used one specimen
3 F. Friedrich et al. / Cladistics 25 (2009) 1–37for l-CT-imaging, one specimen for scanning
electron microscopy, and one for microtome
sectioning.
Microcomputer tomography
A male specimen of Tetraphalerus was dehydrated in
an ethanol series and critical-point-dried (Balzer CPD
030 Critical Point Dryer). The l-CT scan was performed
by Dr. J. Goebbels and J. No ¨ tel at the Federal Institute
for Materials Research (BAM), Berlin (see Goebbels
et al., 2002) using a three dimensional (3D)-CT II X-ray
tomograph. The image stack has a resolution (isovoxel
size) of 2.5 lm.
Computer-based 3-D reconstruction
Volume renderings of the l-CT image stack were
created using Bitplane Imaris 5.7 software. Three-
dimensional images of the volume rendering (to be used
with 3-D glasses) were taken using the screenshot
function. Detailed drawings of the skeletomuscular
system based on virtual longitudinal sections of the
volume rendering were made with Adobe Illustrator
CS2 software.
Scanning electron microscopy
For the examination of external skeletal structures a
specimen was cleaned with ultrasonic sound,
dehydrated in an ethanol series, dried and coated
with gold (EmiTech K500 sputter coater). Pic-
tures were taken with a Philips XL 30 ESEM and
Scandium software. For the study of the endoskele-
ton the same specimen was rehydrated, macerated
over night in 5% KOH solution at 55  C and
dissected.
Cladistic analysis
Character analysis was carried out with NONA
(Golobo , 1995) and PAUP 4.0b10 (Swo ord, 2001).
Bremer-support values (Bremer, 1994) were calculated
with NONA. Raphidiidae, Corydalinae, Myrmeleon sp.
and Sialis sp. were used as outgroup taxa and treated as
all other groups in the analysis (simultaneous analysis;
Nixon and Carpenter, 1993).
Bayesian analysis
Bayesian analysis was conducted with MrBayes 3.1.2
(Huelsenbeck and Ronquist, 2001) using the Mkv model
(Lewis, 2001). Four chains were run simultaneously in
two independent runs, using the default values for priors
and other parameters. The analysis started from random
trees and run for 3.2 · 10
6 generations, sampling chains
every 100th generation. ‘‘Burn-in’’ values were estab-
lished after visual examination of a plot of the standard
deviation of the split frequencies between two simulta-
neous runs.
Morphological results
Thoracic skeleton of Tetraphalerus bruchi
The thorax is about 0.35 times as long as the total
body length (Fig. 1A). The maximum length–widthratio
of the thorax is about 0.55. The dark brown thoracic
skeleton is strongly sclerotized and densely covered with
tubercles and whitish scale-like setae except for the parts
coveredbytheelytra(Figs 2,3).Theexposedscleritesare
closely attached to each other, without externally visible
membranous parts. A membranous cervical region or
distinct cervical sclerites are also absent.
The femora and tibiae of all legs are completely
covered with scale-like setae (see Fig. 4A). The tibal
spurs are short and robust (see Fig. 4A: tibs). The
5-segmented tarsi bear sti  setae without apical branch-
ing. The dorsal and ventral side of the tarsi show an
equal density of setae. An arolium or other adhesive
structures are absent from the legs of both sexes (see
Fig. 4B,C).
Prothorax. With about 40% of the total length of the
thorax the slender prothorax is the longest thoracic
segment. The dorsal half is formed by the large
pronotum (Fig. 2D). The posterior part of this saddle-
shaped sclerite covers the mesonotum in front of the
elytral bases. The anterior pronotal margin is part of the
articulation socket for the head. A distinctly visible
dorsomedian suture with a corresponding well-devel-
oped internal ridge is present (see Fig. 8C: mrp).
Laterally, the pronotum is broadly contiguous with the
propleura. The anterior-most part is ﬁrmly connected
with the anterolateral edges of the proventrite.
The slender, elongate propleura shows no external or
internal subdivision (Figs 1A,2D). Its dorsal rim is
folded into the thoracic lumen and forms a cryptopleura
(Figs 5A and 8C: cpl). The inner surface lacks an
invaginated propleural apodeme (Fig. 5A). Anteriorly,
the propleural margin does not contact the head
capsule. A short, broad process of the posterior part
of the ventral propleural rim articulates with the lateral
procoxal rim. The ventral margin anterad of the pleuro-
coxal joint is ﬁrmly connected with the lateral edge of
the proventrite and a distinct anapleural cleft is present
(Figs 1A and 2D: apc1). The posterior-most part of the
propleura protrudes posterad (Figs 1A,2D and 3B:
ppp), overlying the impressed anterior part of the
mesanepisternum (Figs 1A and 2D). A smooth area on
the medial face of this propleural protrusion (Fig. 3B:
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below) forming a promesothoracic interlocking mecha-
nism.
The anterior rim of the rectangular proventrite forms
the ventral half of the thoracic articulation socket ring
for the head. In the anterior-most part, the inner
surface shows two well-deﬁned rounded areas (Figs 5A
and 8B: cv). These structures are very likely vestiges of
cervical sclerites completely merged with the ventrite
(see below). The inner surface of the proventrite forms
a distinctly developed transverse ridge in front of the
procoxal cavities (see Fig. 8C: tvr). The small proster-
nal process does not separate the globular procoxae
(Figs 1A and 2A). The movements of the procoxae are
mainly restricted to rotation, but during rotation
anterior–posterior-directed motions can also be accom-
plished.
The large, triangular trochantin is fully exposed
anterior of the procoxa (Figs 1A and 2A,D: ti1). The
trochantino-coxal joint is formed by the anterolateral
edge of the procoxa and the posterolateral process of the
trochantin.
The lateral arms of the large profurca are broad
and strongly sclerotized (Fig. 5A: fu1). A short
common stem is present. The posteriorly directed
profurcal parts are merged with the sclerotized origin
of M. 42. A prothoracic spinasternum could not be
identiﬁed. It is apparently absent or indistinguishably
fused with the ventrite (the spinal muscles are also
absent, see below).
Mesothorax. The mesothorax is somewhat smaller than
the metathorax. It is less than half as long (Fig. 1A). The
mesonotum is short and largely covered by the prono-
tum and metanotum and the anterior part of the elytra.
The concealed parts are weakly sclerotized. Only the
prominent exposed median part of the scutellum (scu-
tellar shield) is strongly sclerotized and covered with
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Fig. 1. Thoracic skeleton of Tetraphalerus bruchii. (A) ventral view; (B) dorsal view of mesonotum; (C) dorsal view of metathorax.1⁄2ax,
ﬁrst⁄second axillary; abtI, ﬁrst abdominal tergite; aest2⁄3, mes-⁄metanepisternum; alc, alacrista; amd, axillary muscle disc; anp, anterior notal
process; apc1⁄2⁄3, anapleural cleft; axc, axillary cord; cx1⁄2⁄3, pro-⁄meso-⁄metacoxa; dis, discrimen; ep2, mesepimeron; fup2⁄3, furcal pit of meso-
⁄metathorax; he, head; ism, intersegmental membrane; kes2⁄3, meso-⁄metathoracic katepisternum; mph, median ridge of prophragma; nt1,
pronotum; pl1, propleura; pls2⁄3, meso-⁄metathoracic pleural suture; pn3, metapostnotum; pnp, posterior notal process; prsc, prealar sclerite; pwp3,
pleural wing process of metathorax; sa3, metathoracic subalare; sc2⁄3, meso-⁄metascutum; scl2⁄3, meso-⁄metascutellum; sp2, mesospina; sss2⁄3,
meso-⁄metathoracic scutoscutellar suture; ti1⁄2⁄3, pro-⁄meso-⁄metathoracic trochantin; tr1⁄2⁄3, pro-⁄meso-⁄metathoracic trochanter; ts3,
transverse suture of metaventrite; v1⁄2⁄3, pro-⁄meso-⁄metaventrite. Scale bar: 500 lm.
5 F. Friedrich et al. / Cladistics 25 (2009) 1–37scales. The ventrally oriented lateral part of the notum is
formed by the mesoscutum (Fig. 1B: sc2). The laterally
directed posterior notal process is formed by the
posterolateral mesonotal edge, which is connected with
the elytral base by the axillary cord (Fig. 1B: axc).
Anteriorly, the mesonotum is bent downward, thus
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Fig. 2. Scanning electron micrographs, external thoracic structures of Tetraphalerus bruchii. (A) procoxa, ventral view; (B) mesocoxal region,
ventral view (mesocoxa artiﬁcially bent upwards); (C) metacoxal region, ventral view; (D) prothorax, lateral view; (E) metathoracic wing base, lateral
view; (F) surface sculpture of scale like setae; (G) semilunar microtrichia on surface of alacrista. abstI, ﬁrst abdominal sternite; aest3,
metanepisternum; apc1⁄2⁄3, anapleural cleft; ba3, external part of metathoracic basalare; cx1⁄2⁄3, pro-⁄meso-⁄metacoxa; ep2, mesepimeron; fem1,
prothoracic femur; fulc, fulcrum; fup2⁄3, furcal pit of meso-⁄metathorax; he, head; hw, hind wing; kes2⁄3, meso-⁄metathoracic katepisternum; nt1,
pronotum; pl1, propleura; ppp, posterior propleural protrusion; pwp3, pleural wing process of metathorax; sa3, metathoracic subalare; sp2,
mesospina; ti1⁄2⁄3, pro-⁄meso-⁄metathoracic trochantin; tr1⁄3, pro-⁄metathoracic trochanter; ts3, transverse suture of metaventrite; v1⁄2⁄3, pro-
⁄meso-⁄metaventrite. Scale bar: (A–E) 200 lm; (F) 50 lm; (G), 10 lm.
6 F. Friedrich et al. / Cladistics 25 (2009) 1–37forming a well-developed, undivided prophragma (see
Fig. 10A: ph1). Starting on the posterior face of the
prophragma a well-developed median ridge stretches
posterad across half of the mesonotal total length
(Figs 1B and 10A,E: mph).
The mesopleura is separated into the anepisternum
and epimeron by the pleural suture (Figs 1A and 5B:
pls2). Its dorsal part is deeply impressed. The ventral
half of the suture is less distinct but still easily
recognizable by the lack of tubercles. Internally, the
anterior part of the strongly-developed pleural ridge
bears the large, plate-like pleural arm (Fig. 5B: pla2).
Ventrally, the pleural ridge articulates with the lateral
coxal rim, thus forming the pleuro-coxal joint. The
anterodorsal edge of the mesanepisternum forms a
large semilunar process (Fig. 3C,D: p1), which is
completely covered by pronotum and propleura
(Fig. 2D). The smooth surface of the ventrolateral
part of this process articulates with the posteromedial
wall of the propleura (Fig. 3B: c1; anterior part of the
propleural protrusion). The dorsal rim of the mesan-
episternal process bears a long, slender carina (Fig. 3C:
p2) and interacts with a notch of the posterolateral
pronotum (Fig. 3A: c2). Below this process, a distinct
concavity of the mesanepisternum (indicated by inter-
rupted line in Fig. 3C) receives the posterior propleural
protrusion (Figs 1A and 2D). This promesothoracic
interlocking mechanism impedes lateral movements
between the both segments. Thus, the mobility of the
prothorax is restricted to the sagittal plane. The broad
dorsal part of the wedge-shaped mesepimeron is
covered by the elytra and is posteriorly closely
adjacent with the anterior rim of the metanepisternum.
Narrow membranous areas between the pleural parts
of the pterothoracic segments are only visible inter-
nally. A distinct anapleural cleft separates the mesa-
nepisternum and the mesoventrite (Figs 1A,2B and 5B:
apc2).
The short mesoventrite lacks an external discriminal
line and an internal median ridge (Figs 1A and 5B:
A
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ep2
fu1
fu2
v3
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mdb3
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      apc3 
aest3
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Fig. 3. Scanning electron micrographs, pro-mesothoracic interlocking device of Tetraphalerus bruchii. (A) posterolateral edge of pronotum, ventral
view; (B) posterior propleural protrusion, dorsomedian view; (C,D) anterior region of mesanepisternum; (C) lateral view (concavity of
mesanepisternum outlined), (D) ventral view. aest2, mesanepisternum; apc2, mesothoracic anapleural cleft; c1⁄2, articulary cavity of joint 1⁄2; cx1,
procoxa; ep2, mesepimeron; nt1, pronotum; p1⁄2, articulary process of joint 1⁄2; pl1, propleura; pls2, mesothoracic pleural suture; ppp, posterior
propleural protrusion; v2, mesoventrite. Scale bar: (A) 100 lm, (B,C) 50 lm.
7 F. Friedrich et al. / Cladistics 25 (2009) 1–37v2). The paired, broad katepisterna are clearly sepa-
rated from the main part of the mesoventrite by a
transverse suture (Figs 1A and 2B: kes2). They form a
distinct condyle mesally, which articulates with the
anteromesal edge of the mesocoxa (Figs 1A and 2B).
The small, externally visible trochantin is located
posterad of the katepisternum and articulates with
the anterolateral rim of the mesocoxa (Figs 1A and
2B: ti2).
The mesocoxae are more posteriorly directed and
ﬂattened than the procoxae (Fig. 1A). The degrees of
freedom of the mesocoxae are strongly reduced. Rota-
tion is nearly impossible, but there is a limited potential
for promotion and remotion and abduction and adduc-
tion. The main action of the proximal part of the mid leg
results from the extensive movability of the trochanter,
which is articulated with the posterior coxal rim
(Fig. 1A: tr2).
A distinct spinasternum II is present posterad of the
mesocoxal cavities (Fig. 1A: sp2). The posterior part of
this sclerite is fused with the metaventrite, but internally
deﬁned by a V-shaped incision (Fig. 5C: sp2). The
compact mesofurca consists of two separate arms
without a common stem (Fig. 5B: fu2). The middle part
and the tip of the furcal arms are broadened. The apices
reach almost to the mesopleural arm (Fig. 5B).
Elytra (Fig. 6). The long, slender elytra show a speciﬁc
regular pattern resulting from the non-homogeneous
sclerotization (i.e. the presence of rows of window
punctures and the parallel longitudinal ridges, which are
entirely covered with scales; Fig. 6I). The elytra cover
the complete dorsal face of the pterothorax (except for
the scutellar shield) and of the abdomen. The inner rim
of the elytral base bears two patches of microtrichia
(Fig. 6B,E,F), which interact with corresponding ﬁelds
located on both the mesonotum and metanotum (e.g.
alacristae: see Figs 1A and 2G). The outer rim of the
elytron is bent inwards thus forming the epipleura
(Fig. 6A: epl). It bears several rows of small, pointed
microtrichia (Fig. 6C,D,G). These microstructures
interact with the equally shaped spines of the dorsal
metanepisternal rim (Fig. 2E) and the lateral face of the
abdomen. The inner rims of both elytra are strongly
ﬂattened. The ventral surface is smooth on the left
elytron, and densely covered with small, claw-shaped
microtrichia dorsally (Fig. 6H,J). On the right elytron,
the pattern is reversed. These ﬁelds of microtrichia
provide an additional locking mechanism and keep the
elytra in their resting position.
Metathorax. The large metathorax is strongly ﬂattened
(see Fig. 8). The dorsal portion of the metathoracic
skeleton, which is covered by the elytra, is weakly
sclerotized and partly membranous.
The metascutum is the largest part of the metanotum
(Fig. 1C). It is subdivided by few lines or sutures: the
anterolateral scutal line demarcates the triangular ante-
rior notal process; a distinct scuto-scutellar suture
separates the scutellum from the posterior part of the
scutum (Fig. 1C). The anterior notal margin forms the
strongly developed mesophragma (see Fig. 10E,G: ph2).
The small prealar sclerite is embedded in the extensive
dorsal intersegmental membrane in front of the anterior
notal process (Fig. 1C: prsc). The slender posterior notal
process originates on the posterolateral edge of the
metascutum (Fig. 1C: pnp). The process is connected
with the posterior margin of the wing by the axillary
ligament.
The ﬁrst axillary sclerite articulates with the mesal
edge of its triangular body with the anterior process of
the mesonotum (Fig. 1C: 1ax). The angle a (see Ho ¨ rn-
schemeyer, 1998; Fig. 3) between the lateral border of
the 1st axillary body and the mesonotum equals c. 52 .
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Fig. 4 Scanning electron micrographs, fore leg of Tetraphalerus
bruchii. (A) posterior view; (B, C) distal half of 5th tarsomere; (B)
posterior view, (C) medial view. fem1, prothoracic femur; tar1,
protarsus; tcl, tarsal claws; tib1, prothoracic tibia; tibs, tibial spurs.
Scale bar: (A): 100 lm, (B, C) 50 lm.
8 F. Friedrich et al. / Cladistics 25 (2009) 1–37The triangular head of the second axillary articulates
with the neck region of the ﬁrst axillary sclerite. The
pleural wing joint (fulcrum) lies below of this articula-
tion (Fig. 1C: asterisk). The posteriorly directed arm of
the second axillary sclerite contacts the most medial part
of the third axillary. An axillary muscle disc is located in
the pleural membrane between the subalare and the
lateral margin of the metanotum (Fig. 1C: amd). It is
connected with the third axillary sclerite by a tendon.
The scutellum is short, but reaches about mid length
of the scutum medially (Fig. 1C: scl3). The posteriorly
adjacent short postnotum bears a low median ridge
internally; its posterior part forms the short, medially
divided metaphragma (Fig. 1C: pn3). The alacristae
enclose the anterior half of the median scutal impression
(Fig. 1C: alc). Their surface is covered by overlapping
ﬂat microtrichia (Fig. 2G), which interact with
corresponding patches on the elytra (Fig. 6E) in resting
position.
The anteromesal edge of the large, elongate meta-
nepisternum forms the posterolateral part of the
mesocoxal cavity (Figs 1A and 2C: aest3). On its
dorsal margin, the anepisternum is separated from the
epimeral parts of the metapleura by a nearly horizon-
tal pleural suture (Fig. 1A: pls3). The internally
corresponding pleural ridge is indistinct and com-
pletely obliterated in the mid part (see Fig. 8C: plr3).
The pleural arm is absent. A distinct anapleural cleft
is present, separating the ventral anepisternal margin
and the metaventrite (Figs 1A, 5C, and 8C: apc3).
Externally, the basalare is fused with the anterior face
of the pleural wing process (Fig. 2E). The internalised
part of the basalare forms an extensive muscle disc
(Fig. 5C: mdb3).
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Fig. 5. Scanning electron micrographs, isolated sclerites of Tetraphalerus bruchii. (A–C) ventral thoracic parts, dorsal view; (A) prothorax, (B)
mesothorax, (C) metathorax; (D) abdominal ventrite 1, ventral view. aest2⁄3, mes-⁄metanepisternum; anp, anterior notal process; apc2⁄3, anapleural
cleft; cpl, cryptopleura; cv, vestiges of cervical sclerites?; cx1⁄3, pro-⁄metacoxa; ep2, mesepimeron; fem3, metathoracic femur; fu1⁄2⁄3, pro-⁄meso-
⁄metafurca; ism, intersegmental membrane; mdb3, muscle disc of metathoracic basalare; mri, median ridge; pl1, propleura; pla2, mesopleural arm
pls2, mesothoracic pleural suture; ppp, posterior propleural protrusion; pwp3, pleural wing process of metathorax; sp2, mesospina; v1⁄2⁄3, pro-
⁄meso-⁄metaventrite; t23, tendon of M. noto-coxalis prothoracis; t31, tendon of M. pleura-trochanteralis prothoracis; t82⁄83, common tendon of
Mm. metasterni primus⁄secundus metathoracis; t85⁄86, common tendon of Mm. dorsoventrales secundus⁄tertius metathoracis; t108, tendon of
M. furca-coxalis lateralis prothoracis. Scale bar: 500 lm.
9 F. Friedrich et al. / Cladistics 25 (2009) 1–37The epimeral parts are mainly membranous or semi-
membranous (Fig. 1C). The ellipsoid subalare is embed-
ded in this membranous region below the posterior notal
process (Figs 1C, 2E: sa3). Similar to the basalare, the
internal part of the subalare is a large, elongate disc
representing a muscle attachment area.
The pentagonal metaventrite is posteriorly divided by
a distinct median dicriminal line (Fig. 1A: v3, dis). A
corresponding internal ridge is not existent. Together
with the metanepisterna, it forms the posterior half of
the mesocoxal cavities (Figs 1A and 2C). The antero-
median part of the sclerite represents the mesothoracic
spinasternum (Fig. 5C). The well-developed katepister-
na are separated from the posterior part of the ventrite
by the transverse suture (Figs 1A and 2C: kes3, ts3). A
mesal katepisternal process articulates with the antero-
mesal metacoxal rim (Fig. 2C).
The large trochantin is exposed externally between
katepisternum, anepisternum and the metacoxa (Figs
1A, 2C: ti3). The very broad, short metacoxae are almost
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Fig. 6. Scanning electron micrographs, left elytron of Tetraphalerus bruchii. (A–H) ventral view; (A) overview; (B) elytral base; (C) proximal part of
outer rim; (D) mid part of outer rim; (E) ﬁrst patch of elytral base; (F) second patch of elytral base; (G) elytral apex; (H) inner rim; (I, J) dorsal view;
(I) mid part of elytral surface with window-punctures; (J) medial rim. elap, articulation process of elytron; epl, epipleuron. Scale bar: (A) 500 lm;
(B,G,I) 150 lm; (C–F,H,J), 20 lm.
10 F. Friedrich et al. / Cladistics 25 (2009) 1–37immovable (Figs 1A,2C and 5C: cx3). Only a slight
degree of forward and backward deﬂection is possible.
The anterior arms of the comparatively small meta-
furca are fused proximally and continuous with the
tendons of Mm. 82⁄83 (Fig. 5C: fu3). The bases of the
lateral arms are broadened, but the distal parts are
slender. The long furcal stem ends in a pit medially
between the katepisterna (Fig. 1A and 2C: fup3).
Hind wing (Fig. 7). For the description of the hind wing
structures, the terminology established by Kukalova ´ -
Peck and Lawrence (1993) is used.
The hind wing is large (male about 25 mm) and
slender. The dorsal and ventral surfaces of the wing are
densely covered with minute microtrichia. Larger
microtrichia are only present at the proximal end of
the anterior margin. The anterior and posterior wing
margins are approximately parallel. The apex is slightly
rounded, but the apical ﬁeld is short and small. It is
separated from the medial ﬁeld by a moderate incision.
The apical part is rolled in resting position. A second
incision is located in the posterior margin between the
well-developed anal ﬁeld and the medial ﬁeld. The radial
bar is formed by radius anterior (RA) and subcosta
posterior (ScP) and shows no distinct weakness in its
apical part, in spite of the crossing area of the central
fold. The two branches of radius anterior (RA1+2;
RA3+4) delimit the radial cell, which is subdivided by a
cross ridge. The indistinct RA3+4 continues into the
apical ﬁeld. A sti  radius posterior (RP) is present. In
the apical ﬁeld, the branch RP3+4 is present, but its
distal part is faint. Between the anterior and posterior
radial branches, three radial cross veins are developed
(r1, r3, r4). The oblongum cell (ob) is bordered by
RP3+4 and two radio-medial cross veins (rp-mp1, 2) in
the central ﬁeld of the wing. The fused posterior ends of
the cross veins contact the distal part of the medial bar
(MP1+2). MP1+2 shows a small weak zone in front of
this connection (bending zone; Fig. 7: arrow). The
medial spur is short and straight laterally directed. The
venation of the medial ﬁeld is well developed: MP1+2
and MP3+4 are connected by two cross veins; most
branches of the anterior cubital vein (CuA) are fused
distally with branches of media posterior (MP3+4 +
CuA1) or anal anterior (CuA3+4 + AA1+2), only CuA2
runs solitary to the posterior margin of the wing. Vein
areas crossed by wing folds (Fig. 7: chain-dotted lines)
are indistinct and low pigmented (dotted lines).
Thoracic musculature of Tetraphalerus bruchi
The set of muscles present in Tetraphalerus was
evaluated using the l-CT image stack and Imaris 5.7
software. The muscular terminology and grouping
system is mainly adopted from Beutel and Haas
(2000). The homologies with muscles described in
beetles by Larse ´ n (1966) and Baehr (1975) and with
the generalized muscle nomenclature for neopteran
insects by Friedrich and Beutel (2008) will be provided
as an electronic supplement (Appendix S1).
Prothorax (Figs 8, and 10A–F). Dorsal longitudinal
muscles: M. 1 M. pronoti primus, fan-shaped; O (=ori-
gin): central pronotum (adjacent to median pronotal
ridge), I (=insertion): dorsolateral area of postocciput.
M. 2 M. pronoti secundus, long, slender; O: median part
of prophragma, I: dorsal part of postocciput (mediad of
M. 3). M. 3 M. pronoti tertius, slender (laterad of M. 2);
O: lateral face of prophragma (close to M. 6), I:
dorsolateral part of neck membrane. M. 6 M. pronoti
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Fig. 7. Hind wing venation of Tetraphalerus bruchii (terminology following Kukalova ´ -Peck and Lawrence, 1993). Wing folds indicated by chain-
dotted lines; indistinct, low pigmented parts of vein in dotted lines. AA, anterior anal vein; af, apical fold; anf, anal fold; AP, posterior anal vein;
cf, central fold; cr, cross-vein; CuA, anterior cubital vein; CuA3+4 + AA1+2, fusion of CuA3+4 and AA1+2; mcf, medio-cubital fold; mf, medial
fold; MP, posterior medial vein; MP3+4 + CuA1, fusion of MP3+4 and CuA1; ms, medial spur; ob, oblongum; r1⁄3⁄4, ﬁrst⁄third⁄fourth radial
cross-vein; rmf1⁄2, ﬁrst⁄second radio-medial fold; RA, anterior radial vein; RP, posterior radial vein; rp-mp1⁄2, ﬁrst⁄second radio-medial cross-
vein; ScP, posterior subcostal vein. The venal branches are termed by subscripted numbers. The arrow refers to the weakness of the medial bar
(MP1+2). Scale bar: 1 mm.
11 F. Friedrich et al. / Cladistics 25 (2009) 1–37quartus, two bundles of di erent thickness; O: central
area of pronotum (laterad of M. 1), I: lateral part of
prophragma (laterad of M. 3).
Ventral longitudinal muscles: M. 9 M. prosterni pri-
mus, not delimitable from M. 10, probably absent. M.
10 M. prosterni secundus, well developed, straight; O:
M. 1 M. 2 M. 3
M. 10+9?
M. 16 M. 39
M. 45 M. 80
M. 85/86
M. 21x
cx1
cx2
cx3 ti3
M. 82 M. 42 M. 83
M. 84
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Fig. 8 Thoracic skeletomuscular system of Tetraphalerus bruchii (based on l-CT images). (A) sagittal section; (B) median muscle layer removed; (C)
lateral muscles. aest3, metanepisternum; apc3, anapleural cleft of metathorax; bas2⁄3, meso-⁄metabasalare; cv, vestiges of cervical sclerites?; cx1⁄2⁄3,
pro-⁄meso-⁄metacoxa; fam, furca-abdominal muscle; mrp, median ridge of pronotum; plr3, metathoracic pleural ridge; ph1, prophragma; ti3,
metathoracic trochantin; tvr, transverse ridge of proventrite; v1⁄3, pro-⁄metaventrite. For muscle terminology see text. Scale bar: 500 lm.
12 F. Friedrich et al. / Cladistics 25 (2009) 1–37anterior face of profurcal arm (anterad of M. 16), I:
posterolateral postocciput (close to Mm. 12a, b).
Dorsoventral muscles: M. 11 M. furco-cervicalis,
slender; O: anterior face of profurcal apex, I: lateral
postocciput. M. 12 M. dorsoventralis primus, strongly
developed muscle composed of two bundles; O: a.,
anterior third of pronotum (laterad of M. 6), b.,
posterior half of pronotum (laterad of M. 6 and M.
18), I: ventrolateral face of postocciput. M. 13 M.
dorsoventralis secundus, absent. M. 14 M. dorsoven-
tralis tertius, extremely slender; O: lateral rim of
pronotum (dorsad of M. 17, posterad of M. 23); I:
lateral edge of neck membrane. M. 15 M. dorsoven-
tralis quartus, well developed; O: dorsolateral postoc-
ciput (between M. 2 and M. 11), I: rounded area of
anterior region of proventrite (vestige of cervical
sclerite). M. 16 M. dorsoventralis quintus, strongly
developed muscle; O: dorsal face of profurcal arm, I:
prophragma.
Lateral muscles: M. 17 M. noto-pleuralis, short but
very broad; O: lateral part of pronotum, I: dorsal face
of cryptopleura. M. 18 M. pronoto-mesepisternalis,
well developed, conical; O: posterior part of
pronotum, I: intersegmental membrane between pro-
and mesothorax and anterior face of mesobasalare. M.
20 (=M. 51) M. episterno-spinalis, absent. M. 21x M.
profurca-mesepisternalis, slender, transverse muscle;
O: dorsal face of proximal profurcal arm (one or
two bundles), I: mesothoracic basalare of opposite
side.
Leg muscles: M. 22 M. noto-trochantinalis, very
slender; O: anterolateral edge of pronotum (laterad of
M. 12, mediad of M. 23), I: median edge of trochantin
by extremely long, thin tendon. M. 23 M. noto-coxalis;
O: anterior third of pronotum, I: with strong tendon on
posterior procoxal rim (closely posterad of pleuro-coxal
joint). M. 24 M. episterno-coxalis; O: anterodorsal
propleural margin (laterad of M. 25), I: anterior
procoxal rim. M. 25 M. epimero-coxalis, very strong
muscle; O: anterior parts of cryptopleura, propleura and
proventrite, I: posterior rim of procoxa. M. 27 M.
sterno-coxalis, short muscle, O: ventral face of proximal
profurcal arm, I: anterior procoxal rim. M. 30 M. furca-
coxalis, moderately sized; O: ventral part of profurcal
arm (posterad of M. 27), I: posterolateral procoxal rim
(close to M. 23). M. 31 M. pleura-trochanteralis, very
broad and strong muscle composed of several bundles;
O: posterior three quarter of propleura (posterad to M.
24), I: protrochanter.
Mesothorax (Figs 8,9 and 10D–F). Dorsal longitudinal
muscles: M. 39 M. mesonoti primus, strong; O: median
part of prophragma, I: median part of mesophragma.
M. 40 M. mesonoti secundus, moderately sized; O:
dorsolateral area of prophragma (laterad of M. 39), I:
ventrolateral edge of mesophragma.
Ventral longitudinal muscles: M. 42 M. mesosterni
primus, equally sized as M. 10; O: posterior margin of
proximal profurcal arm, I: anterior face of mesofurcal
arm. M. 43 M. mesosterni secundus, not observed,
absent or fused with M. 42.
Dorsoventral muscles: M. 44 M. mesonoto-sternalis,
strongest muscle of mesothorax; O: anterior part of
mesonotum and dorsal rim of prophragma, I: central
area of mesoventrite. M. 45 M. dorsoventralis; O:
dorsolateral part of mesofurcal arm, I: ventrolateral
edge of mesophragma.
Lateral muscles: M. 46 M. noto-pleurocostalis longus,
very strong muscle composed of at least two bundles; O:
middle of mesopleural ridge, I: lateral and posterolateral
mesonotal rim. M. 47 M. noto-pleuralis, small muscle;
O: dorsal part of epimeral face of mesopleural ridge
(below mesopleural wing process), I: prealar sclerite. M.
50 M. episterno-sternalis; O: anterior part of mesanepi-
sternum (ventrad of mesobasalare), I: anterolateral edge
of mesoventrite. M. 52 M. epimero-subalaris, not pres-
ent. M. 53 M. pleura-alaris a, long, strongly developed
muscle; O: anteroventral edge of mesanepisternum (dor-
sad of anapleural cleft), I: third axillary sclerite (dorsad
of M. 54). M. 54 M. pleura-alaris b, less than half as long
as M. 53; O: epimeral face of dorsal part of mesopleural
ridge, I: third axillary sclerite. M. 55 M. furca-pleuralis,
short; O: tip of mesofurca, I: mesopleural arm.
Leg muscles: M. 59 M. noto-trochantinalis, absent.
M. 60a, b Mm. noto-coxales, two stong, ﬂattened
bundles; O: central and posterior part of lateral meso-
notum, I: posterior mesocoxal rim by means of two
separate tendons. M. 61 M. episterno-coxalis, strongly
ﬂattened, fan-shaped; O: ventral half on mesanepister-
num, epimeral side of pleural ridge and lateral rim of
mesoventrite, I: anterolateral part of mesocoxal rim by
means of a short, but strong tendon (laterad M. 62). M.
62 M. coxa-basalaris, long, slender; O: posterior face of
mesobasalare, I: anterolateral ege of mesocoxa (mediad
of M. 61). M. 64 M. coxa-subalaris, well developed; O:
ventral half of subalare, I: posterior mesocoxal rim
(laterad of M. 60). M. 65 M. furca-coxalis anterior,
short; O: lateral face of proximal mesofurca, I: anterior
mesocoxal rim (close to trochantino-coxal joint). M.
66 M. furca-coxalis lateralis, largest furca-coxal muscle;
O: ventral side of mesofurcal arm (laterad of M. 67), I:
lateral mesocoxal rim (immediately posterad of pleuro-
coxal joint). M. 67 M. furca-coxalis posterior, moder-
ately sized; O: lateral face of mesofurcal arm (dorsal of
M. 65), I: posterolateral mesocoxal rim. M. 69 M.
mesonoto-trochanteralis, long and comparatively slen-
der; O: anterolateral part of mesonotum (laterad of M.
44), I: combined tendon of mesotrochanteral muscles.
M. 70 M. episterno-trochanteralis, short, strong bundle;
O: episternal face of central mesopleural ridge, I:
trochanteral tendon (together with M. 69). M. 71 M.
trochantero-basalaris, very slender; O: lateral part of
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M. 69). M. 72 M. furca-trochanteralis, well developed;
O: mesofurcal arm (anterad of M. 66), I: trochanteral
tendon (below fusion of Mm. 69 and 70). M. 74
M. Sterno-trachanteralis, absent.
Metathorax (Figs 8, 10E–G). Dorsal longitudinal mus-
cles: M. 79 M. metanoti primus, large muscle; O: mesal
part of mesophragma, I: mesal part of metaphragma.
M. 80 M. metanoti secundus, well developed; O: central
area of pronotum, I: lateral part of metaphragma
(laterad M. 79).
Ventral longitudinal muscles: M. 82 M. metasterni
primus, slender; O: posterior face of mesofurcal arm, I:
anterior metafurcal arm by long, thin tendon. M. 83 M.
metasterni secundus; O: mesospina, I: anterior metafur-
cal arm (combined tendon with M. 82). fam M. furca-
abdominalis, short, moderately sized; O: posterior face
of metafurca, I: anterior rim of ﬁrst abdominal sternum.
Dorsoventral muscles: M. 84 M. metanoto-sternalis,
largest muscle of metathorax; O: anterior rim of metano-
tum and lateral part of mesophragma, I: paramedially on
posterior half of metaventrite. Mm. 85⁄86 Mm. dorso-
ventrales secundus⁄tertius, moderately sized, slender; O:
dorsal surface of lateral metafurcal arm, I: ventrolateral
edge of metaphragma.
Lateral muscles: M. 87 M. episterno-spinalis, not
observed, probably absent. M. 88 M. mesofurca-
basalaris, absent. M. 89 M. noto-episternalis brevis,
very slender; O: ventral rim of mesophragma (laterad of
M. 45), I: anterior face of metabasalar muscle disc
(mediad of M. 93). M. 90 M. pleura-praealaris, very
thin; O: prealar sclerite, I: dorsal end of pleural ridge.
M. 92 M. noto-pleuralis, absent. M. 93 M. noto-basa-
laris, short, thin muscle; O: anterolateral edge of
mesonotum, I: anterolateral area of metabasalare. M.
94 M. epimero-subalaris, not observed, very small or
absent. M. 95 M. pleura-alaris a, thin; O: dorsal end of
metapleural ridge (below metapleural wing process), I:
third axillary sclerite. M. 96 M. pleura-alaris b, strong
muscle; O: anterior part of metanepisternum (laterad of
basalar muscle disc), I: muscle disc of third axillary. M.
97 M. sterno-episternalis, short, but very broad; O:
ventral rim of metanepisternum (dorsad of anapleural
cleft), I: lateral margin of metaventrite. M. 98 M.
sterno-basalaris, very strong muscle; O: mesal half of
basalare muscle disc, I: posterior area of metaventrite
(laterad of M. 84).
Leg muscles: M. 100 M. noto-trochantinalis, absent.
M. 101 M. noto-coxalis anterior, well developed; O:
metanotum (laterad of M. 80), I: posterior metacoxal
rim. M. 102 M. noto-coxalis posterior, inseparably fused
with M. 101. M. 103 M. episterno-coxalis, fan-shaped;
O: lower part of pleural ridge, I: anterior rim of
metacoxa (close to M. 104). M. 104 M. coxa-basalaris,
long, slender; O: dorsolateral part of metabasalare, I:
anterior metacoxal rim. M. 105 M. coxa-subalaris,
strongly developed, ﬂattened; O: ventral face of sub-
alare, I: posterior rim of metacoxa (laterad M. 101). M.
107 M. furca-coxalis anterior, short, conical; O: lateral
surface of metafurcal base, I: anterior metacoxal rim. M.
108 M. furca-coxalis lateralis, strong, conical muscle
with long tendon; O: distal part of metafurcal stem and
basis of furcal arm, I: lateral metacoxal rim (close to
pleuro-coxal joint). M. 109 M. furca-coxalis posterior,
very slender; O: posterior face of metafurcal stem
(ventrad of fam), I: posterior metacoxal rim (mediad
of M. 101). M. 111 M. nototrochanteralis; O: ante-
rolateral edge of metanotum (laterad of M. 84), I:
trochanteral tendon. M. 112 M. trochantero-basalaris,
absent. M. 113 M. furca-trochanteralis, well developed;
O: posterior face of metafurcal stem (ventrad of M.
109), I: trochanteral tendon.
List of characters
Characters added to the list in Beutel and Haas (2000)
or new states are marked by an asterisk. Characters 2, 22,
31, 32, 47, 69, 70, 81, 82 and 99 from Beutel and Haas
(2000)wereomitted.ThedatamatrixinWinCladaformat
is provided as electronic supplement (Appendix S2).
Larvae, head:
1. Dorsal endocarina (1. in Beutel and Haas, 2000
[=B&H in the following]): (0) absent; (1) present.
Present in Archostemata (Beutel and Ho ¨ rnschemeyer,
2002a,b) and some groups of Polyphaga (taxa not under
consideration here). With a very short common stem
and diverging anteriorly in Omma (Lawrence, 2001).
2. (3. in B&H) Caudal tentorial arms: (0) absent or
short; (1) elongated, attached to posteroventral part of
head capsule. Elongated and posteriorly connected with
the head capsule in Amphizoidae, Hygrobiidae, Dyti-
scidae, and Aspidytidae (Balke et al., 2005). Short in
larvae of Trachypachidae. Absent from larvae of other
beetle and from outgroup taxa.
3*. Orientation of head: (0) subprognathous, slightly
to moderately inclined; (1) horizontal or bent upwards,
distinctly prognathous or hyperprognathous; (2) hypo-
gnathous. Distinctly prognathous in Archostemata,
Adephaga, Hydrophiloidea (with the exception of
Spercheidae; Beutel, 1999) and some other groups of
Polyphaga(e.g.Elateroidea,Cantharoidea).Hypognath-
ous in Scarabaeoidea and in most groups of Chrysome-
lidae (Carlson, 1991; Lawson, 1991).
4*. Head shape of later instars: (0) not transverse, not
strongly rounded laterally; (1) transverse, distinctly
broader than long, strongly rounded laterally. Trans-
verse in later instars of Cupedidae and Micromalthidae
(Beutel and Ho ¨ rnschemeyer, 2002a,b), and also in
Myxophaga (Beutel et al., 1999) and some larvae of
Scirtidae (LeSage, 1991; coded as 1 for Scirtidae).
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nation: (0) absent; (1) present. Present in Archostemata
(Beutel and Ho ¨ rnschemeyer, 2002a,b).
6.* Hemispherical projection of head capsule: (0)
absent; (1) present. Present between the mandibular and
maxillary articulation and bearing a long seta in
Hydraenidae, Leiodidae, Agyrtidae and Ptiliidae (Beutel
and Leschen, 2005).
7*. Articulation of labrum: (0) free; (1) partly fused;
(2) completely fused. Fused in Adephaga and Hydro-
philoidea s.l. (sensu Lawrence and Newton, 1995) and
some other groups (e.g. Cantharidae). Partly fused in
Dascillidae (Lawrence, 1991).
8. (4. in B&H) Number of antennomeres: (0) more
than thirteen; (1) ﬁve; (2) four; (3) three; (4) two.
Multisegmented in larvae of Scirtidae (Lawrence, 2005)
and some larvae of Neuroptera (Tauber, 1991). Four-
segmented in Cupedidae, Ommatidae (Lawrence, 1999),
Adephaga (with few exceptions), and in few taxa of
Polyphaga. Five-segmented in the scarabaeid taxa
included (see also Crome, 1957). Three-segmented in
Chrysopidae (Neuroptera; Tauber, 1991), Micromalth-
idae (Beutel and Ho ¨ rnschemeyer, 2002a), and Polyph-
aga (with few exceptions). Two-segmented in
Myxophaga.
9. (5. in B&H) Exposure of mouthparts: (0) partly
internalized, labrum laterally fused with triangular
genal lobe; (1) mouthparts exposed, lateral margin of
labrum free. Partly internalised in larvae of
Hydroscaphidae and Sphaeriusidae (Beutel and Haas,
1998).
10. (6. in B&H) Mandibular apex: (0) slender, with
one or several pointed teeth; (1) three blunt and strong
teeth; (2) blunt, with more than three apical teeth. With
three blunt and strong apical teeth in Archostemata
(Beutel and Ho ¨ rnschemeyer, 2002a,b). With more than
three teeth arranged in a row in Leptinotarsa and other
chrysomelid larvae (Lawson, 1991).
11. (7. in B&H) Mandibular mola: (0) present, not
quadrangular, not delimited by distinct margin; (1*)
present, quadrangular, delimited by distinct margin; (2)
absent. Present in Archostemata (Beutel and Ho ¨ rnsche-
meyer, 2002a,b), Myxophaga, and many groups of
Polyphaga (e.g. Scirtoidea; Lawrence, 1991, 2005).
Quadrangular and delimited by a distinct margin in
Cupedidae and Micromalthidae (Beutel and Ho ¨ rnsche-
meyer, 2002a,b).
12. (8. in B&H) Prostheca: (0) absent; (1) present,
rounded and semimembranous; (2) present, slender.
Rounded, semimembranous, with small, posteriorly
directed spines in Torridincolidae and Hydroscaphidae
(Beutel et al., 1999). Slender, with one or several apices
in Hydraenidae, Agyrtidae, Leiodidae (partim, Newton,
1991; Beutel and Molenda, 1997), Clambidae, Eucinet-
idae (Lawrence, 1991, 2005; coded as absent for Scirt-
idae), Derodontidae, and others.
13*. Accessory ventral process of mandible: (0)
absent; (1) present. Present in Clambidae (partim),
Scirtidae (LeSage, 1991), Dascillidae (Lawrence, 1991),
Scarabaeoidea (Carlson, 1991) and Derodontidae (Law-
rence, 1991).
14. (9. in B&H) Intramaxillary movability: (0) fully
retained; (1) reduced, no maxillolabial complex; (2)
reduced, maxillolabial complex present; (3) reduced,
maxilla forms sucking apparatus together with mandi-
ble. Movability reduced to a degree of maximally 20  in
Raphidioptera, Adephaga (excl. Gyrinidae), Hydrophi-
loidea, and Histeroidea (Beutel, 1993, 1994a, 1999).
Maxillolabial complex present in most groups of Elat-
eriformia (Beutel, 1995b) and Cleroidea (Beutel and
Pollock, 2000).
15*. Cardo: (0) not subdivided into several sclerites;
(1) subdivided into several sclerites. Subdivided into
several sclerites in Hydrophiloidea s.str. (sensu Hansen,
1997) (e.g. Beutel and Leschen, 2005).
16. (10. in B&H) Separate galea: (0) present; (1)
absent. Absent from Myxophaga, in Hygrobia, in most
subgroups of Staphylinidae, in Clambidae (with the
exception of Calyptomerus; Lawrence, 1991; coded as 0),
and in Cucujiformia.
17*. Insertion of galea: (0) stipes or unsclerotized
proximomesal part of palpifer 1; (1) distal part of
palpifer. Inserted on distal part of palpifer in Hydro-
philoidea s.l. (e.g. Beutel, 1999).
18*. Submentum and mentum: (0) not fused and
narrowed between maxillary fossae; (1) fused and
narrowed between maxillary fossae. Fused and nar-
rowed between maxillary fossae in larvae of Archoste-
mata (Beutel and Ho ¨ rnschemeyer, 2002a,b).
19. (11. in B&H) Ligula: (0) not wedge-shaped and
enlarged; (1) ligula enlarged and wedge-shaped (Law-
rence, 1982). Distinctly enlarged, sclerotized, and
wedge-shaped in larvae of Archostemata (Beutel and
Ho ¨ rnschemeyer, 2002a,b).
Larvae, thorax:
20. (12. in B&H) Leg segments: (0) six; (1) ﬁve, tibia
fused with tarsus. Five-segmented (including tarsungu-
lus) in Myxophaga and Polyphaga (Lawrence, 1982).
21*. Ventral asperities on prosternum: (0) absent; (1)
present. Present in Cupedidae and Micromalthus (Beutel
and Ho ¨ rnschemeyer, 2002a).
22. (13. in B&H) Claws: (0) double; (1) single. With
single claw in Haliplidae, Myxophaga, Polyphaga, and
ﬁrst instar larvae of Priacma (Lawrence, 1999; coded as
0&1 for Cupedidae).
Larvae, abdomen:
23. (14. in B&H) Abdominal tergal ampullae: (0)
absent; (1) present. Present in Archostemata (Lawrence,
1991, 1999; Beutel and Ho ¨ rnschemeyer, 2002a,b).
24. (15. in B&H) Abdominal segment IX: (0) well
developed, tergum present; (1) largely reduced, tergum
absent. Largely reduced in Dytiscoidea with the
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2005).
25. (16. in B&H) Size and position of spiracles VIII:
(0) not enlarged and terminal; (1) enlarged and terminal.
Enlarged in Noteridae, Amphizoidae, and Dytiscidae.
Closed and replaced by ventral gills in Hygrobiidae
(Beutel, 1986) (coded as 0).
26.(17.inB&H)Spiraculargills:(0)absent;(1)present.
Present in Myxophaga with the exception of Lepiceridae
(Beutel et al., 1999; J. Lawrence, pers. comm.).
27. (18. in B&H) Pointed sclerotized process of
tergum IX: (0) absent; (1) present. Present in Cupedidae
and Micromalthidae (Lawrence, 1991; Beutel and
Ho ¨ rnschemeyer, 2002a,b). Absent from Omma (Law-
rence, 1999).
28*. Asperities of sternite IX: (0) absent; (1) present.
Present in Cupedidae and Micromalthus (Beutel and
Ho ¨ rnschemeyer, 2002a).
29*. Eversible lobes of segment IX: (0) absent; (1)
present. Present in Cupedidae and Micromalthus (Beutel
and Ho ¨ rnschemeyer, 2002a).
30. (19. in B&H) Urogomphi: (0) absent; (1) present.
Articulated or ﬁxed urogomphi absent from Archoste-
mata (Lawrence, 1991; Beutel and Ho ¨ rnschemeyer,
2002a,b), Hydroscaphidae, and Microsporidae, and in
many groups of Polyphaga (e.g. Scarabaeidae, Scirto-
idea, Dascillidae; LeSage, 1991; Lawrence, 1991).
Adults, general:
31. (20. in B&H) Sclerites: (0) connected by extensive,
externally exposed membranes; (1) ﬁrmly connected, no
membranes exposed externally. Sclerites not covered by
elytra closely attached to each other in Coleoptera (with
few exceptions). Thus, external membranes absent.
32. (22. in B&H) Scale-like cuticular structures: (0)
absent; (1) present. Inserted on cuticular tubercles in
Cupedidae and Ommatidae (Fig. 2F; e.g. Lawrence,
1982; Ho ¨ rnschemeyer et al., 2002).
Adults, head:
33*. Constricted neck and postocular extensions: (0)
absent or indistinct; (1) present. Strongly constricted,
well deﬁned neck region and conspicuous postocular
extensions present in Tetraphalerus and other groups of
Archostemata except for Micromalthus.
34. (21. in B&H) Gula: (0) absent; (1) present, broad.
Present in Coleoptera with few exceptions (Doyen, 1966;
Schneider, 1981; Beutel, 1986, 1989a; Belkaceme, 1991).
35. (23. in B&H) Compound eyes: (0) undivided; (1)
completely divided. Completely divided in Gyrinidae.
36. (24. in B&H) Number of antennomeres: (0) more
than thirteen; (1) eleven; (2) less than eleven. Multiseg-
mented in Neuropterida (Aspo ¨ ck and Aspo ¨ ck, 1991;
New, 1991; Theischinger, 1991) and other endoptery-
gote groups. Eleven-segmented in most groups of beetles
(e.g. Archostemata, Dytiscoidea, Carabidae, Eucinet-
idae, Scirtidae, Derodontidae). Less than 11 antenno-
meres in Gyrininae, Hydroscaphidae, Hydraenidae
(partim), Hydrophiloidea, Clambidae and Scarabaeidae
(Lawrence, 1982).
37. (25. in B&H) Antennal club formed of three distal
antennomeres: (0*) absent or club formed by more or
less segments, without breathing function; (1*) present,
symmetrical, used as accessory breathing organ; (2*)
present, asymmetrical. Three-segmented pubescent club
present and used as accessory breathing organ in
Hydrophiloidea (coded as 0 for Nicrophorus). Club
usually asymmetrical and three-segmented in Scarabae-
oidea (Scholtz and Grebennikov, 2005). Five-segmented
club present and used as accessory breathing organ in
most groups of Hydraenidae (not coded here).
38*. (25. in B&H): Pedicellus (0) cylindrical, not ear-
shaped; (1) enlarged, ear-shaped, with fringe of long
hairs. Highly modiﬁed pedicellus functions as receptor
of vibrations of the water surface in Gyrinidae.
39. (26. in B&H) Mandibular mola: (0) absent; (1)
present. Absent from Archostemata, Adephaga, and in
adults of several groups of Polyphaga (e.g. Staphylin-
idae (partim), Scirtidae (partim), Eucinetidae (partim),
Dascillidae, Scarabaeidae, Elateroidea, Cantharoidea;
Blackwelder, 1936; Lawrence, 1982). Present in Myxo-
phaga and in di erent polyphagan groups such as
Hydraenidae, Leiodidae, Silphidae, Hydrophiloidea,
Clambidae, Eucinetidae (major part), Scirtidae (partim),
Byrrhidae, Derodontidae, Coccinellidae, Tenebrionidae,
and Chrysomelidae (Lawrence, 1982; Lawrence and
Newton, 1982).
40. (27. in B&H) Single mandibular preapical tooth:
(0) absent; (1) present on left mandible (Reichardt,
1973). Present on left mandible in Myxophaga
(Reichardt, 1973; Lawrence, 1982).
41. (28. in B&H) Galea: (0*) present, not palp-like,
without curved setae arranged in several rows; (1*) palp-
like; (2*) with several rows of curved hairs arranged in
regular rows (ﬁmbriate); (3*) vestigial; (4) fused with
lacinia. Palp-like and usually composed of two cylindri-
cal smooth segments in Adephaga. Usually with several
rows of regularly arranged hairs in Hydrophiloidea and
Hydraenidae (partim; not in Ochthebius). Vestigial in
Micromalthus and completely fused with lacinia in
Myxophaga.
42. (29. in B&H) Lateral face of mentum: (0) without
lobes; (1) rounded lobes present. Lobes present in
Adephaga.
43. (30., 31. in B&H) Cervical sclerites: (0*) present;
(1*) absent; (2*) vestigial. Present in Neuropterida
(Ferris and Pennebaker, 1939; Czihak, 1953, 1957;
Matsuda, 1956, 1970). Usually absent from Archoste-
mata (Baehr, 1975) (vestigial in Tetraphalerus: Fig. 5A:
cv). Always absent from Adephaga (Larse ´ n, 1966;
Baehr, 1979), and Myxophaga. Also lacking in some
groups of Polyphaga such as Tenebrionidae and Cur-
culionidae. Very small or vestigial in adults of Chryso-
melidae and related families (Larse ´ n, 1966).
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44. (33. in B&H) Protibial apex: (0) without antenna
cleaning organ; (1) antenna cleaning organ present.
Present in Trachypachidae and Carabidae.
45. (34. in B&H) Prothoracic trochantin: (0*) not
fused with propleura; (1*) fused with propleura. Fused
with propleura in Myxophaga and Polyphaga (Hlavac,
1972, 1975). Notum, sternum, pleura, and trochantin
completely fused in Micromalthus (also coded as 1;
Lawrence and Newton, 1982).
46. (35. in B&H) Propleura: (0) part of external body
wall; (1) concealed, distinctly reduced in size. Greatly
reduced in size and concealed in Polyphaga (Hlavac,
1972, 1975; Lawrence, 1982).
47. (36. in B&H) Spinasternum I: (0) well developed;
(1) vestigial or absent. Present in Neuropterida (excl.
Sialidae; Matsuda, 1970) and Cupedidae (Baehr, 1975;
Beutel and Haas, 2000). The presence or absence in
Tetraphalerus and Micromalthus could not be assessed
unambiguously with the material at hand. Absent or
strongly reduced in non-archostematan beetles (Cam-
pau, 1940; Doyen, 1966; Baehr, 1975; Beutel, 1986,
1989b, 1990a,b, 1994b; Beutel and Haas, 2000; Beutel
and Komarek, 2004; Friedrich and Beutel, 2006).
48. (37. in B&H) Apical part of procoxa: (0) without
condyle; (1) condyle present. Procoxal condyle present
in Adephaga (excl. Gyrininae). Partly reduced in Dyti-
scidae (coded as 1) (Baehr, 1979).
49. (38. in B&H) Prothoracic defensive glands: (0)
absent; (1) present. Present in Hygrobiidae and Dytisc-
idae (Beutel, 1995a).
50. (39. in B&H) M. pleuro-occipitalis (M. 7): (0)
present; (1) absent. Present in Chrysopa (53.; Miller,
1933), Sialis (M. pl. occ.; Czihak, 1953), and Corydalus
(60.; Kelsey, 1954). Absent from Agulla (Raphidioptera;
Matsuda, 1956), Myrmeleon (Neuroptera; Korn, 1943),
and Coleoptera (e.g. Larse ´ n, 1966; Baehr, 1975; Fried-
rich and Beutel, 2006; Ge et al., 2007).
51. (40. in B&H) M. cervicale-occipitalis torquatus
(M. 8): (0) present; (1) absent. Absent from Chrysopa
(Neuroptera; Miller, 1933) and Coleoptera (e.g. Larse ´ n,
1966; Baehr, 1975; Beutel and Komarek, 2004; Friedrich
and Beutel, 2006; Ge et al., 2007).
52. (41. in B&H) M. mesonoto-postpleuralis (M. 19):
(0) present; (1) absent. Absent from Neuroptera (Miller,
1933; Korn, 1943) and Coleoptera (Larse ´ n, 1966; Baehr,
1975; Beutel and Komarek, 2004; Ge et al., 2007).
53. (42. in B&H) M. cervicale-coxalis (M. 26): (0)
present; (1) absent. Absent from Agulla (Raphidioptera;
Matsuda, 1956), Neuroptera (Miller, 1933; Korn, 1943;
Matsuda, 1970) and Coleoptera (e.g. Larse ´ n, 1966;
Baehr, 1975, 1979; Beutel and Komarek, 2004; Ge et al.,
2007).
54. (43. in B&H) M. sterno-coxalis (M. 27): (0)
present; (1) absent. Absent from Myrmeleon (Neuro-
ptera; Korn, 1943), Gyrininae (Larse ´ n, 1966; Beutel,
1989b), Haliplidae, and most groups of Polyphaga
(Larse ´ n, 1966; Baehr, 1979; Beutel and Komarek,
2004; Ge et al., 2007).
55. (44. in B&H) M. pleura-trochanteralis (M. 31): (0)
present; (1) absent. In contrast to Beutel and Haas
(2000) present in Megaloptera (Czihak, 1953; Kelsey,
1954) and Coleoptera (Figs 8C,10C,D; Larse ´ n, 1966;
Baehr, 1975, 1979; Beutel, 1986, 1989b; Beutel and
Komarek, 2004; Ge et al., 2007). Absent from Agulla
(Raphidioptera; Matsuda, 1956) and Neuroptera (Mat-
suda, 1970).
Adult, pterothorax:
56. (45. in B&H) Ventrites of mesothorax and
metathorax: (0) mesoventrite and metaventrite sepa-
rated; (1) connected by intersegmental membrane,
metasternal process articulates with mesoventrite; (2)
both sclerites ﬁrmly connected. Distinctly separated
from each other in Neuropterida and Archostemata
(Baehr, 1975; Beutel and Haas, 2000). Metasternal
process articulating with posterior mesoventrite in
Adephaga (Beutel, 1986, 1992, 1994b; Belkaceme,
1991). Mesothoracic and metathoracic ventrites directly
attached to each other within mesocoxal cavities in
Myxophaga and Polyphaga with few exceptions (Scir-
toidea, Derodontidae, Leiodidae ]partim; see Friedrich
and Beutel, 2006; Ge et al., 2007]).
57. (46. in B&H) Katepisternal mesocoxal joint: (0)
present; (1) absent. Present in outgroup taxa (e.g. Maki,
1936; Beutel and Haas, 2000), Ommatidae (Figs 1A and
2B) and Cupedidae (Baehr, 1975). Absent from Ade-
phaga, Myxophaga, and Polyphaga (Larse ´ n, 1966;
Beutel and Haas, 2000; Friedrich and Beutel, 2006).
58. (48. in B&H) Mesothoracic transverse ridge: (0)
present; (1) absent. Present in Neuropterida (e.g. Ferris
and Pennebaker, 1939; Matsuda, 1956, 1970), Cuped-
idae (Baehr, 1975), Ommatidae (Figs 1A and 2B) and
Sikhotealinea (Beutel et al., 2008; Fig. 13). Absent from
Micromalthidae, Crowsoniellidae and non-archostema-
tan beetles (e.g. Doyen, 1966; Larse ´ n, 1966; Friedrich
and Beutel, 2006).
59. (49. in B&H) Mesofurca: (0) origin between
mesocoxae with common stem; (1) mesofurcal arms
distinctly separated at base. The mesofurca arises with
common base between mesocoxae in Neuropterida
(Maki, 1936; Ferris and Pennebaker, 1939; Acker,
1958), Cupedidae (Baehr, 1975), and Ommatidae
(Fig. 5B). Arms separated from each other at their base
in Micromalthus, Adephaga (except for few Gyrinidae),
Myxophaga, and Polyphaga (e.g. Doyen, 1966; Larse ´ n,
1966; Friedrich and Beutel, 2006).
60. (50. in B&H) Mesothoracic meron: (0) present; (1)
absent (Larse ´ n, 1945a). Meron and associated muscles
(Larse ´ n, 1945a) absent from Coleoptera (see Larse ´ n,
1945b; Friedrich and Beutel, 2006)
61. (51. in B&H) Fore wings: (0) unsclerotized; (1)
partly sclerotized, with reticulate pattern (window
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with lateral epipleura in Coleoptera (Lawrence and
Newton, 1982). Reticulate pattern preserved in  Pro-
tocoleoptera (Kukalova ´ -Peck, 1991), Cupedidae (extant
and fossil species), and Ommatidae (Fig. 6I).
62. (52. in B&H) Mesothoracic elytra-locking device:
(0) absent; (1) present. Median part of mesoscutellum
transformed into triangular elytra-locking device in
Coleoptera (Heberdey, 1938).
63. (53. in B&H) M. scutello-postnotalis mesothoracis
(M. 41): (0) present; (1) absent. Absent from Coleoptera
(Larse ´ n, 1966; Baehr, 1975; Beutel and Haas, 2000;
Beutel and Komarek, 2004; Friedrich and Beutel, 2006;
Ge et al., 2007).
64. (54. in B&H) M. mesosterni secundus (M. 43.): (0)
present; (1) absent. Absent from Micromalthus (pers.
obs. F. Friedrich), some Adephaga and all Polyphaga
(Larse ´ n, 1966; Beutel and Komarek, 2004; Friedrich and
Beutel, 2006; Ge et al., 2007) with the exception of Lytta
and Meloe. Not distinctly di erentiable in Tetraphale-
rus.
65. (55. in B&H) Mm. noto-sternales mesothoracis
(M. 44): (0) present; (1) absent. Absent from non-
archostematan beetles (Larse ´ n, 1966; Baehr, 1975;
Beutel and Komarek, 2004; Friedrich and Beutel,
2006; Ge et al., 2007).
66. (56. in B&H) M. noto-pleurocostalis longus
mesothoracis (M. 46): (0) present; (1) absent. Absent
from Agulla (Raphidioptera; Matsuda, 1956) and non-
archostematan beetles (Larse ´ n, 1966; Baehr, 1975;
Beutel and Komarek, 2004; Friedrich and Beutel,
2006; Ge et al., 2007).
67. (57. in B&H) M. noto-episternalis longus meso-
thoracis (M. 48): (0) present; (1) absent. Absent from
Agulla (Raphidioptera; Matsuda, 1956) and Coleoptera
(Larse ´ n, 1966; Baehr, 1975; Beutel and Haas, 2000;
Beutel and Komarek, 2004; Friedrich and Beutel, 2006;
Ge et al., 2007).
68. (58. in B&H) M. episterno-sternalis mesothoracis
(M. 50): (0) present; (1) absent. Absent from non-
archostematan beetles (Larse ´ n, 1966; Beutel and
Komarek, 2004; Friedrich and Beutel, 2006; Ge et al.,
2007).
69. (59. in B&H) M. pleura-alaris a and b (Mm.
pleurocosta-alaris and episterno-alaris mesothoracis)
(M. 53, M. 54): (0) clearly separated; (1) single muscle
or two branches inserting on one tendon (Larse ´ n, 1966:
M36). With separate origins and insertions in Neuro-
pterida (Maki, 1936; Korn, 1943; Czihak, 1953; Kelsey,
1957), Cupedidae (Baehr, 1975), Ommatidae (Fig. 9)
and Micromalthus (pers. obs. F. Friedrich), but not in
non-archostematan beetles (Larse ´ n, 1966; Beutel, 1986;
Belkaceme, 1991; Beutel and Komarek, 2004; Friedrich
and Beutel, 2006; Ge et al., 2007).
70*. M. pleura-alaris mesothoracis a (M. 53): (0)
short, attached to dorsal part of episternum; (1) long,
attached to ventral part of episternum. Long M. 53
(episternal origin ventrad of that of M. 61) only present
in Coleoptera (Fig. 9; e.g. Larse ´ n, 1966; Baehr, 1975;
Friedrich and Beutel, 2006).
71. (60. in B&H) M. intraepisternalis mesothoracis
(M. 56): (0) present; (1) absent. Absent from Myrmeleon
(Neuroptera; Korn, 1943), Agulla (Raphidioptera; Mat-
suda, 1956) and Coleoptera (Larse ´ n, 1966; Baehr, 1975;
Beutel and Komarek, 2004; Friedrich and Beutel, 2006;
Ge et al., 2007).
72. (61. in B&H) M. pleurocosto-praenotalis meso-
thoracis (M. 57): (0) present; (1) absent. Absent from
Coleoptera (Larse ´ n, 1966; Baehr, 1975; Beutel and
Komarek, 2004; Friedrich and Beutel, 2006; Ge et al.,
2007).
73. (62. in B&H) M. noto-trochantinalis mesothoracis
(M. 59): (0) present; (1) absent. Absent from Micromal-
thus (mesotrochantin not exposed; pers. obs. F. Fried-
rich) and Tetraphalerus, some genera of Adephaga and
in Myxophaga and Polyphaga (Larse ´ n, 1966; Beutel
and Haas, 2000; Beutel and Komarek, 2004; Friedrich
and Beutel, 2006; Ge et al., 2007).
74. (63. in B&H) M. coxa-subalaris mesothoracis (M.
64.): (0) present; (1) absent. Absent from Polyphaga
(Larse ´ n, 1966; Beutel and Komarek, 2004; Friedrich and
Beutel, 2006; Ge et al., 2007).
75. (64. in B&H) M. episterno-trochantinalis meso-
thoracis (M. 68): (0) present; (1) absent. Absent from
Myrmeleon (Neuroptera; Korn, 1943) and Coleoptera
(Larse ´ n, 1966; Baehr, 1975; Beutel and Haas, 2000;
Beutel and Komarek, 2004; Friedrich and Beutel, 2006;
Ge et al., 2007).
76. (65. in B&H) M. noto-trochanteralis mesothoracis
(M. 69): (0) present; (1) absent. Absent from Microspo-
rus and all adults of Polyphaga examined (Larse ´ n, 1966;
Beutel and Haas, 2000; Beutel and Komarek, 2004;
Friedrich and Beutel, 2006; Ge et al., 2007).
77. (66. in B&H) Mesal metacoxal walls: (0) not fused;
(1) metacoxae attached to each other along ventrome-
dian edge; (2) mesal walls fused. Fused in adults of
Trachypachidae and Dytiscoidea (e.g. Beutel and
Roughley, 1987, 1988). Connected along ventromesal
edges in Gyrininae.
78. (67. in B&H) Transverse metascutal ﬁssure: (0)
absent; (1) present (Brodsky, 1994). Membranous,
transverse metascutal ﬁssure or area present in Coleo-
ptera (Campau, 1940; Doyen, 1966; Larse ´ n, 1966;
Brodsky, 1994; Ge et al., 2007).
79. (68. in B&H) Metathoracic elytra-locking device:
(0) absent; (1) present. Posteriorly converging alacristae
present in Coleoptera (Figs 1C, 2; Campau, 1940;
Doyen, 1966; Larse ´ n, 1966; Friedrich and Beutel,
2006; Ge et al., 2007).
80. (71. in B&H) Metacoxae: (0) transverse, recessed
into cavities; (1) not transverse, not recessed into
cavities; (Lawrence, 1982). Distinctly transverse in
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1970; Baehr, 1975; Lawrence, 1982; Friedrich and
Beutel, 2006; Ge et al., 2007).
81. (72. in B&H) Metathoracic trochantin: (0) broad,
well developed; (1) reduced, not visible externally. Well
developed and visible externally in Neuropterida (Maki,
1936; Ferris and Pennebaker, 1939; Ferris, 1940; Acker,
1958; Matsuda, 1970), Cupedidae and Ommatidae (Figs
1A and 2C: ti3; Baehr, 1975). Completely absent from
external surface in non-archostematan beetles (e.g.
Friedrich and Beutel, 2006; Ge et al., 2007).
82. (73. in B&H) Number of costal cross veins: (0) less
than ﬁve; (1) more than ﬁve. More than ﬁve present in
Raphidioptera (Aspo ¨ ck and Aspo ¨ ck, 1991), Neuroptera
(New, 1991), and Megaloptera (partim; Theischinger,
1991; Beutel and Haas, 2000).
83. (74. in B&H) Hind wing folding: (0) absent; (1)
longitudinal and transverse hind wing folding, wings
completely covered under elytra in repose (Lawrence,
1982). Folded in Coleoptera with very few exceptions
(Haas, 1998; Haas and Beutel, 2001).
84. (75. in B&H) Apical part of hind wing in resting
position: (0) unfolded; (1) rolled; (2) folded. Apical part
rolled in resting position in Archostemata, Spanglero-
gyrus, Haliplidae, in some small dytiscids, and in few
representatives of Polyphaga (e.g. Artematopus; Kuka-
lova ´ -Peck and Lawrence, 1993). Folded in other adults
of Coleoptera examined (Beutel and Haas, 2000).
85. (76. in B&H) Oblongum of hind wing: (0) present;
(1) absent (Kukalova ´ -Peck and Lawrence, 1993). Pres-
ent in Ommatidae, Cupedidae, Myxophaga (with few
exceptions), and Adephaga (Fig. 7: ob; Beutel and Haas,
2000; Beutel et al., 2008).
86. (77. in B&H) Subcubital binding patch: (0) absent;
(1) present. Present in Trachypachus and Dytiscoidea
(excl. Hygrobiidae; Beutel and Roughley, 1988; Beutel
and Haas, 2000). A similar katastigma is present in
groups of Polyphaga (Heberdey, 1938).
87. (78. in B&H) Anterior margin of hind wing: (0)
not ﬂexible; (1*) ﬂexible, with or without distinct
bending zone; (2) marginal joint (Haas, 1998). Anterior
margin ﬂexible in Coleoptera, but not in outgroup taxa
(Haas, 1998; Haas and Beutel, 2001). Costal margin of
Scarabaeoidea marked by marginal joint (‘‘Randge-
lenk’’; Schneider, 1978).
88*. Bending zone in medial bar of hind wing: (0)
present; (1) absent. Present in Archostemata (except for
Sikhothealinea; Lafer, 1996), Adephaga and Myxophaga
(Kukalova ´ -Peck and Lawrence, 1993). Absent from
Polyphaga (e.g. Kukalova ´ -Peck and Lawrence, 1993)
except for Scirtidae and Eucinetidae (Friedrich and
Beutel, 2006).
89. (79. in B&H) Distal part of MP1+2: (0) straight or
bent anteriorly; (1) bent posteriorly (Haas, 1998).
MP1+2 straight or bent anteriorly in non-coleopteran
Endopterygota, Archostemata, Adephaga and Hydro-
scaphidae. Bent posteriorly in all adults of Polyphaga
examined (Haas, 1998; Friedrich and Beutel, 2006).
90. (81. in B&H) Triangular fold: (0) completely
absent; (1) RA3+4 cut twice by triangular fold; (2)
RA3+4 not cut twice by triangular fold (Kukalova ´ -Peck
and Lawrence, 1993). Basal portion of RA3+4 cut twice
by triangular fold in Archostemata, Myxophaga, and
Adephaga, but not in Polyphaga (Kukalova ´ -Peck and
Lawrence, 1993).
91. (83. in B&H) Fulcrum: (0) underneath second
axillary; (1) underneath ﬁrst and second axillary; (2)
underneath ﬁrst axillary (Ho ¨ rnschemeyer, 1998). Ful-
crum placed underneath second axillary in Archoste-
mata and under ﬁrst axillary in Myrmeleontidae,
Adephaga, Myxophaga, and Polyphaga. Located under
both axillary sclerites in Megaloptera and Raphidiop-
tera (Fig. 1C; Ho ¨ rnschemeyer, 1998; Friedrich and
Beutel, 2006).
92. (84. in B&H) second axillary: (0) without a lateral
process; (1) process present. Lateral process originating
from ventral side of second axillary present in non-
archostematan beetles. Absent from Neuropterida and
Archostemata (Ho ¨ rnschemeyer, 1998).
93. (85. in B&H) Angle between the axis anterior
notal process-ﬁrst axillary and the disto-cranial margin
of ﬁrst axillary: (0) 50  or more; (1) less than 45 
(Ho ¨ rnschemeyer, 1998). Angle of 50  or more in Neuro-
pterida, Archostemata, Adephaga and Myxophaga
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Fig. 9. Skeletomuscular system of the mesothoracic wing base of
Tetraphalerus bruchii (based on l-CT images). 3ax, third axillary
sclerite; aest2, mesanepisternum; bas2, mesobasalare; ep2, mesepimer-
on; icm, intracoxal muscle; nt2, mesonotum; pcj2, mesothoracic
pleuro-coxal joint; plr2, mesothoracic pleural ridge; ti2, mesotrochan-
tin; tr2, mesothoracic trochanter; trt, trochanteral tendon; sa2,
mesothoracic subalare; v2, mesoventrite; M. 46, M. noto-pleurocos-
talis longus; M. 47, M. noto-pleuralis; Mm. 53⁄54, M. pleura-alares
a⁄b; M. 61, M. episterno-coxalis; M. 62, M. coxa-basalaris; M. 64,
M. coxa-subalaris, Mm. 65⁄66⁄67 Mm. furca-coxales anterior⁄later-
alis⁄posterior; M. 71, M. trochantero-basalaris. Scale bar: 250 lm.
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Polyphaga (Ho ¨ rnschemeyer, 1998; Friedrich and Beutel,
2006).
94. (86. in B&H) M. scutello-postnotalis metathoracis
(M. 81): (0) present; (1) absent. Absent from Agulla
(Raphidioptera; Matsuda, 1956), Neuroptera (Miller,
1933; Korn, 1943), and Coleoptera (Larse ´ n, 1966;
Beutel, 1986, 1988, 1990a,b, 1994b; Belkaceme, 1991;
Beutel and Haas, 2000; Beutel and Komarek, 2004;
Friedrich and Beutel, 2006; Ge et al., 2007).
95. (87. in B&H) M. metasterni primus (M. 82): (0)
present; (1) absent. Present in all adults of Coleoptera
except for Hydroscapha, Microsporus and very few
polyphagan beetles (e.g. Cantharis; Larse ´ n, 1966; Beutel
and Haas, 2000).
96. (88. in B&H) M. metasterni secundus (M. 83): (0)
present; (1) absent. Present in most outgroup taxa
(Matsuda, 1970), in Cupedidae (Baehr, 1975), Ommat-
idae (Figs 8A and 10G), Trachypachidae (Beutel, 1988,
1994b), in Haliplus, and in most groups of Carabidae
(Larse ´ n, 1966). Absent from Neuroptera (Korn, 1943;
Czihak, 1957), Myxophaga and Polyphaga (Friedrich
and Beutel, 2006).
97. (89. in B&H) Mm. noto-episternales breves
metathoracis (M. 89): (0) present; (1) absent. Present
in Neuroptera (Korn, 1943; Matsuda, 1970) and Mega-
loptera (Maki, 1936; Czihak, 1953; Kelsey, 1957).
Present but thin in adults of Archostemata (Fig. 8C;
Baehr, 1975). Absent from all other groups of Coleo-
ptera (Larse ´ n, 1966; Baehr, 1975; Beutel, 1986, 1988,
1990a,b, 1994b; Belkaceme, 1991; Beutel and Haas,
2000; Beutel and Komarek, 2004; Friedrich and Beutel,
2006).
98. (90. in B&H) M. noto-pleuralis metathoracis a
(M. 91.): (0) present in mature adults; (1) absent from
mature adults. Present in Megaloptera (Maki, 1936;
Czihak, 1953; Kelsey, 1957). Absent from Neuroptera
(Korn, 1943) and all examined mature adults of Coleo-
ptera (in contrast to Beutel and Haas, 2000) (Larse ´ n,
1966; Baehr, 1975; Beutel and Komarek, 2004; Friedrich
and Beutel, 2006; Ge et al., 2007).
99. (91. in B&H) M. noto-pleuralis metathoracis b
(M. 92): (0) present; (1) absent. Present in Neuropterida
(Maki, 1936; Korn, 1943; Czihak, 1953; Kelsey, 1957;
Matsuda, 1970) and, in contrast to Beutel and Haas
(2000), also in Cupedidae (Baehr, 1975). Absent from
Tetraphalerus, Micromalthus (pers. obs. F. Friedrich)
and non-archostematan beetles (Larse ´ n, 1966; Beutel
and Komarek, 2004; Friedrich and Beutel, 2006; Ge
et al., 2007).
100. (92. in B&H) M. pleura-alaris metathoracis a
and b (Mm. 95, 96): (0) separate; (1) with common
insertion (Larse ´ n, 1966; M71). Areas of origin and
insertion separated in Neuroptera (Korn, 1943),
Megaloptera (Maki, 1936; Czihak, 1953; Kelsey,
1957; Matsuda, 1970), Cupedidae (Baehr, 1975),
Ommatidae and Micromalthus (pers. obs. F. Fried-
rich). Common insertion on a small sclerite proximad
of third axillary in non-archostematan beetles (Larse ´ n,
1966; Beutel, 1986, 1988; Belkaceme, 1991; Beutel and
Komarek, 2004; Friedrich and Beutel, 2006; Ge et al.,
2007).
101. (93. in B&H) Mm. furco-pleurocostales meta-
thoracis (M. 99): present; (1) absent. Always absent
from Coleoptera (Larse ´ n, 1966; Baehr, 1975; Beutel and
Haas, 2000; Beutel and Komarek, 2004; Friedrich and
Beutel, 2006; Ge et al., 2007).
102. (94. in B&H) M. noto-trochantinalis metathora-
cis (M. 100): (0) present; (1) absent. Absent from
Tetraphalerus, Adephaga, Hydroscapha, Microsporus,
Hydrophilidae and Cetonia (Larse ´ n, 1966; Beutel, 1986,
1988, 1990a,b, 1994b; Belkaceme, 1991).
103*. M. noto-coxalis posterior metathoracis (M.
102): (0) present; (1) absent. Absent from Hydroscapha,
Microsporus and Niptus (Larse ´ n, 1966; Beutel and Haas,
2000).
104. (95. in B&H) M. episterno-coxalis metathoracis
(M. 103): (0) present; (1) absent. Absent from Adephaga,
Elateridae and Scirtoidea (Larse ´ n, 1966; Baehr, 1975;
Belkaceme, 1986, 1991; Beutel, 1986, 1988, 1990a,b,
1994b; Friedrich and Beutel, 2006; Ge et al., 2007).
105. (96. in B&H) M. sterno-coxalis metathoracis (M.
106): (0) present; (1) absent. Absent from Coleoptera
except for Ips (Larse ´ n, 1966; Belkaceme, 1986, 1991;
Beutel, 1986, 1988, 1990a, 1994b; Friedrich and Beutel,
2006; Ge et al., 2007).
106*. M. furca-coxalis posterior metathoracis (M.
109): (0) present; (1) absent. Present in outgroup taxa
and all beetles examined with the exception of Dyti-
scoidea (Larse ´ n, 1966; Beutel, 1986, 1988, 1990a, 1994b;
Belkaceme, 1991) and Scirtoidea (Friedrich and Beutel,
2006).
107. (97. in B&H) M. episterno-trochantinalis meta-
thoracis (M. 110): (0) present; (1) absent. Absent from
Coleoptera (Larse ´ n, 1966; Baehr, 1975; Beutel and
Haas, 2000; Beutel and Komarek, 2004; Friedrich and
Beutel, 2006; Ge et al., 2007) and Neuroptera (Korn,
1943).
108. (98. in B&H) M. trochantero-basalaris metatho-
racis (M. 112): (0) present; (1) absent. Absent from all
non-archostematan beetles and Tetraphalerus (Larse ´ n,
1966; Baehr, 1975; Beutel and Haas, 2000; Beutel and
Komarek, 2004; Friedrich and Beutel, 2006; Ge et al.,
2007).
Adults, abdomen:
109. (100. in B&H) Abdominal sternite I: (0) strongly
reduced or absent, not visible externally; (1) present,
exposed. Strongly reduced and not exposed in Coleo-
ptera (Lawrence and Newton, 1982).
110. (101. in B&H) Abdominal sternite II: (0) not
divided by hind coxae; (1) completely divided. Com-
pletely divided in Adephaga.
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Fig. 10. Three-dimensional volume renderings of the thorax of Tetraphalerus bruchii (based on l-CT images stack). To use with red/cyan three-
dimensional glasses. (A–D) prothorax; (A) sagittal section; (B–D) horizontal sections on di erent levels, dorsal view; (E) mesothorax, sagittal section;
(F) mesothorax, median muscle layer removed; (G) metathorax, horizontal sections on level of phragmata (left) and furcae (right). bas, metabasalare;
cx1⁄2, pro-⁄mesocoxa; el, elytron; fem2, mesothoracic femur; fu1⁄2, pro-⁄mesofurca; g1⁄2, pro-⁄mesothoracic ganglion; mph, median ridge of
prophragma; mpr, median ridge of pronotum; nt1⁄2, pro-⁄mesonotum; ph1⁄2⁄3, pro-⁄meso-⁄metaphragma; ti2, mesotrochantin; tr1⁄2,
pro-⁄mesothoracic trochanter; tvr, transverse ridge of proventrite. For muscle terminology see text.
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present. Present in Cupedidae and Ommatidae (Fig. 5D:
mri; Beutel et al., 2008).
112. (102. in B&H) Abdominal segments IX and X:
(0) exposed; (1) retracted into abdominal apex. Con-
cealed within the preceding abdominal segments in
Coleoptera.
113. (103. in B&H) Genital appendages IX of females:
(0) separate; (1) fused, with intrinsic muscles. Fused and
equipped with intrinsic muscles in females of Neuropter-
ida (Mickoleit, 1973).
114. (104. in B&H) Number of Malpighian tubules in
adults: (0) eight; (1) six; (2) four. Eight in Neuroptera
(excl. Coniopterigidae; New, 1989) and Corydalinae
(Megaloptera; New and Theischinger, 1993). Six in
Raphidioptera (Aspo ¨ ck and Aspo ¨ ck, 1991), Sialinae
(Megaloptera; New and Theischinger, 1993), Myxo-
phaga, Hydrophiloidea, Eucinetoidea, Dascilloidea,
Derodontidae, and some other groups of Polyphaga
(e.g. Byrrhidae, Tenebrionidae, Chrysomelidae; Law-
rence, 1982). Four in Archostemata, Adephaga, and
many groups of Polyphaga (e.g. Scarabaeoidea, Elater-
oidea and Catharoidea; Lawrence, 1982).
115. (105. in B&H) Condition of Malpighian tubules
in adults: (0) free; (1) cryptonephric. Cryptonephric
Malpighian tubules in Cucujiformia (excl. Nosodendr-
idae and Derodontidae; Lawrence and Newton, 1982).
116. (106. in B&H) Eversion of aedeagus: (0) absent;
(1*) present. Rotated through 90  during repose and
through 180  during copulation in males of Adephaga
(excl. Gyrinidae) (Beutel and Roughley, 1988). Also
everted asymmetrically in Scydmaenidae, Silphidae and
Staphylinidae (Beutel and Leschen, 2005).
117. (107. in B&H) Eggs: (0) laid without cocoon or
egg case; (1*) one side of single egg covered by web; (2)
eggs enclosed in silk cocoons or egg case. One side of
single egg covered by web in Hydraenidae (e.g. Hansen,
1997). Eggs enclosed in a silk cocoon or egg case in
Hydrophiloidea (sensu Hansen, 1997).
All characters were equally weighed in the analyses.
Character 61 (fore wings) is treated as additive.
Results
The cladistic analysis using NONA (Multiple
TBR + TRB, 300 replications) yielded 30 equally
parsimonious trees (233 steps, CI 0.60, RI 0.86). In the
strict consensus tree (Fig. 11; 244 steps, CI 0.57, RI
0.84), nine nodes are collapsed within Polyphaga. The
suborders and their interrelationships are well supported
by characters and Bremer-Support values (BS). Follow-
ing, the autapomorphies of selected taxa (see Fig. 11)
resulting from the analysis are listed.
Constraint trees calculated with PAUP 4.0b10 (Swof-
ford, 2001) yielded 249 steps for the branching pattern
Polyphaga + (Archostemata + (Myxophaga + Adep-
haga)) (Kukalova ´ -Peck and Lawrence, 1993, 2004) and
239 steps for Archostemata + [Myxophaga + (Adeph-
aga + Polyphaga)] (Caterino et al., 2002) (versus 235
steps without constraints).
1. Coleoptera (BS 24): 31.1 (ﬁrmly connected sclerites
of adults), 36.1 (11 antennomeres), 43.1 (cervical scle-
rites absent [secondarily present in Polyphaga]), 51.1
(M. cervicale-occipitalis torquatus [M. 8] absent), 60.1
(mesothoracic meron absent), 61.1 (fore wings incom-
pletely sclerotized, with window punctures, 62.1 (meso-
scutellum forms elytra-locking device), 63.1 (M.
scutello-postnotalis mesothoracis [M. 41] absent), 67.1
(M. noto-episternalis longus [M. 48] absent), 70.1 (long
M. pleura-alaris mesothoracis [M. 53] attached to
ventral part of episternum), 72.1 (M. pleurocosto-
praenotalis mesothoracis [M. 57] absent), 78.1 (trans-
verse metascutal ﬁssure present), 79.1 (alacristae
present), 80.0 (metacoxae transverse), 82.0 (less than
ﬁve costal cross veins), 83.1 (hind wings folded under
elytra), 85.0 (oblongum present), 87.1 (ﬂexible anterior
margin of hind wing), 88.0 (bending zone of hind wing),
90.1 (triangular fold intersected twice by RA3+4), 101.1
(Mm. furco-pleurocostales metathoracis [M. 99] absent),
105.1 (M. sterno-coxalis metathoracis [M. 106] absent),
109.1 (abdominal sternite I strongly reduced), 112.1
(abdominal segments IX and X retracted), 113.0 (genital
appendages IX of females separate).
2. Coleoptera excl. Archostemata (BS 11): 47.1
(spinasternum I strongly reduced or absent), 57.1
(mesothoracic katepisternal joint absent), 58.1 (meso-
thoracic transverse ridge absent) (also absent from
Mircomalthus), 61.2 (elytra fully sclerotized), 65.1
(Mm. noto-sternales mesothoracis [M. 44] absent), 66.1
(M. noto-pleurocostalis longus mesothoracis [M. 46]
absent), 68.1 (M. episterno-sternalis mesothoracis [M.
50] absent), 69.1 (M. pleurocosta-alaris and M. epi-
sterno-alaris mesothoracis not separated), 81.1 (meta-
thoracic trochantin reduced and not exposed), 84.2
(apical part of hind wing folded), 92.1 (second axillary
with lateral process), 97.1 (Mm. noto-episternales breves
metathoracis [M. 89] absent), 99.1 (M. noto-pleuralis
metathoracis b [M. 92] absent), 100.1 (Mm. pleura-alares
metathoracis a and b [Mm. 95, 96] with common
insertion). 108.1 (M. trochantero-basalaris metathoracis
[M. 112] absent) (unfortunately also absent from Tet-
raphalerus), more species (e.g. Omma) necessary).
3. Myxophaga + Polyphaga (BS 4): 3.0 (head of
larvae subprognathous) [also in Sialis], 20.1 (larvae with
ﬁve leg segments), 22.1 (larval leg with single claw [also
in Haliplus]), 39.1 (mandible of adults with mola), 45.1
(prothoracic trochantin and pleura fused [also in
Micromalthus]), 56.2 (mesoventrite and metaventrite
ﬁrmly connected) (only with delayed transformation
[DEL]: groundplan condition of common ancestor of
Coleoptera excl. Archostemata is unknown).
22 F. Friedrich et al. / Cladistics 25 (2009) 1–374. Archostemata (BS 5): 1.1 (endocarina present in
larvae), 5.1 (posteromedian emargination on head of
larvae), 10.1 (larval mandible with three blunt apical
teeth), 18.1 (larval mentum and submentum fused and
narrowed), 19.1 (larval ligula enlarged, wedge-shaped),
23.1 (larval abdomen with tergal ampullae), 91.0
(fulcrum underneath second axillary), 111.1 (abdominal
ventrite 1 with median ridge).
5. Adephaga (BS 4): 7.2 (completely fused articulation
of labrum in larvae [also present in Myrmeleon]), 41.1
(palp-like galea), 42.1 (larval mentum with rounded
lateral lobes), 104.1 (M. episterno-coxalis metathoracis
[M. 103] absent [also absent from Scirtoidea and
Elateridae]), 110.1 (abdominal sternite II completely
divided by metacoxae).
6. Myxophaga (BS 7): 8.4 (larvae with two-segmented
antennae), 12.1 (rounded prostheca in larvae), 10.1
(larval galea absent), 26.1 (larval spiracular gills), 40.1
(left mandible of adults with articulated tooth), 41.6
(galea fused with lacinia), 95.1 (M. metasterni primus
[M. 82] absent) [condition in Ytu unknown, absent
from Cantharis], 103.1 (M. noto-coxalis posterior
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Fig. 11. Strict consensus tree of 30 equally parsimonious trees (244 steps, CI 0.57, RI 0.84). Bremer Support values (>1) noted in italics. For
description of numbers in circles see text.
23 F. Friedrich et al. / Cladistics 25 (2009) 1–37metathoracis [M. 102] absent) [condition in Ytu un-
known; otherwise absent only in Niptus].
7. Polyphaga (BS 8): 43.0 (cervical sclerites present),
46.1 (propleura distinctly reduced), 54.1 (M. sterno-
coxalis prothoracis [M. 27] absent) [also absent from
Myrmeleon and few adephagans], 64.1 (M. mesosterni
secundus [M. 43] absent) [also absent from some
adephagans], 74.1 (M. coxa-subalaris mesothoracis [M.
64] absent), 85.1 (oblongum of the hind wing absent)
(also absent from miniaturized beetles such as Hydro-
scapha and Micromalthus), 88.0 (bending zone of the
hind wing absent), 89.1 (MP1+2 of the hind wing bent
posteriorly) [also in simpliﬁed wing of Hydroscapha],
90.1 (RA3+4 cut twice by triangular fold), 93.1 (angle
between the metanotum and ﬁrst axillary less than 45 ).
8. Cupedidae + Micromalthus (BS 1): 4.1 (transverse
head in later larval instars) [also in Myxophaga and
some Scirtidae], 11.1 (quadrangular mola in larvae)
(with ACC [=accelerated transformation] and DEL
optimization, but not in unambiguous tree; the ground-
plan condition in Archostemata is uncertain), 21.1
(ventral asperities on larval prosternum), 27.1 pointed
process on larval tergum IX), 28.1 (asperities on larval
sternite IX), 29.1 (larval segment IX with eversible
lobes)
Bayesian analyses (tree see Fig. 12)
The two runs of MrBayes converged at c. 2.5 · 10
6
generations, with a standard deviation of the split
frequencies below 0.006. Trees before this value were
considered as ‘‘burn-in’’ and discarded, leaving 14 000
trees sampled and summarized to obtain the results.
Model parameters. Model parameter summaries over
the runs sampled in ﬁles (summaries are based on a
total of 14 000 samples from two runs. Each run
produced 32 000 samples of which 7000 samples were
0.2
Gyrinus
Coccinella
Derodontus
Dascillus
Byrrhidae
Raphidiidae
Selatosomus
Ytu
Leptinotarsa
Catops
Helophorus
Ommatidae
Spanglerogyrus
Eucinetus
Amphizoa
Cetonia
Noterus
Tenebrio
Trachypachus
Hydroscapha
Micromalthus
Necrophilus
Cantharis
Calyptomerus
Nicrophorus
Haliplus
Sialis
Hydrophilus
Corydalinae
Microsporus
Cupedidae
Ochthebius
Hygrobia
Dytiscus
Elodes
Myrmeleon
Carabus
0.75
1
0.23
0.41
0.89
0.81
0.89
0.94
0.22
1
0.77
0.86
0.35
0.79
1
0.82
0.92
0.97
0.31
1
0.96
1
1
0.44
0.81
0.58
0.99
0.8
0.18
0.36
0.84
0.66
0.89
0.95
Fig. 12. Tree resulting from Bayesian analyses (two runs of MrBayes converged at ca. 2.5 · 106 generations, with a standard deviation of the split
frequencies below 0.006).
24 F. Friedrich et al. / Cladistics 25 (2009) 1–37included) for detailed parameters electronic supplement
(Appendix S3).
The branching pattern obtained with MrBayes is
largely in agreement with the results of the parsimony
analyses. A branching pattern {Archostemata +
[Adephaga + (Myxophaga + Polyphaga)]} was con-
ﬁrmed.
Discussion
Morphology
A tuberculate surface structure of the exposed scler-
otized parts is present in Tetraphalerus and Omma
(Figs 2A–F,4A,6I), and all genera of Cupedidae, but is
absent from the miniaturized species of the monospeciﬁc
genera Micromalthus and Crowsoniella, and in Sikhote-
alinia and non-archostematan beetles with very few
exceptions (Beutel et al., 2008). The presence is a derived
groundplan feature and autapomorphy of Coleoptera in
the broadest sense (Beutel and Haas, 2000; Beutel et al.,
2008). The same condition is present in  Tshekardoco-
leidae and other members of the stem-group (=stem
lineage). The presence of scales inserted on the tubercles
is a potential autapomorphy of Archostemata (Beutel
et al., 2008), even though it cannot be excluded that
similar structures were already present in stem-group
beetles, but not preserved in the fossils. This character
shows the same distribution pattern as the tuberculate
surface structure. The scales are very narrow and lancet-
like in Tetraphalerus. This is likely an autapomorphy of
the genus.
A ﬁve-segmented tarsus, as it is present in Tetraphale-
rus, is a plesiomorphic groundplan feature of Coleop-
tera. Tarsi with ﬁve segments are present in many groups
of beetles and in most other endopterygote taxa (see
Beutel and Gorb, 2001). The tarsal setae are unbranched
in Tetraphalerus (Fig. 4), but show a feather-like pattern
in Priacma serrata (Beutel and Gorb, 2001: Fig.
5C,D,F). At present, the ancestral condition of Archos-
temata cannot be assessed. Information on more taxa is
needed for a reliable evaluation.
Tetraphalerus is well sclerotized, like most other
members of Archostemata and Coleoptera. A low
degree of sclerotization, as found in Micromalthidae
and in some lineages of Polyphaga (e.g. Scirtoidea;
Friedrich and Beutel, 2006), is possibly correlated with a
short life span of the adults.
A prothorax, which is shorter than wide is likely a
groundplan feature of Coleoptera s.l. (including the
stem-group; e.g. Ponomarenko, 1969) and Archoste-
mata (e.g. Baehr, 1975). The strong elongation of the
segment is another autapomorphy of Tetraphalerus.
The prothoracic skeleton is compact and devoid of
externally visible membranes in Tetraphalerus as in
other representatives of Archostemata including Sikho-
tealinia (Hlavac, 1972, 1975; Baehr, 1975; Beutel et al.,
2008), in Adephaga, Myxophaga, in most lineages of
Polyphaga (not in Leiodidae and Scirtoidea and some
other groups of Elateriformia; Campau, 1940; Hlavac,
1975: p. 169), and in fossils belonging to the coleopteran
stem-group (Ponomarenko, 1969; Beutel et al., 2008).
The mechanical reinforcement of this segment within
Archostemata is increased in Crowsoniellidae, were
pronotum and propleura are indistinguishably fused
(Pace, 1975; Fig. 2) and culminates in Micromalthidae,
which are characterized by the complete fusion of all
prothoracic sclerites (Hlavac, 1972; Barlet, 1996: Fig. 3).
The strongly developed connections between prono-
tum, pleura and the ventrite in stem-group beetles (e.g.
 Tshekardocoleidae,  Permocupedidae,  Rhombocole-
idae; Ponomarenko, 1969; Beutel et al., 2008) have
rendered internal bracing of the skeleton superﬂuous.
An internal stabilization system formed by a muscular
or skeletal interconnection of the pleural apophysis and
the profurca is usually present in endopterygote insects,
but is generally absent from extant beetles including
Archostemata (in contrast to Evans, 1974; see also
Hlavac, 1975), owing to the loss of the propleural
apophysis. At least vestiges of this structure were
probably present in  Tshekardocoleidae and  Permo-
cupedidae as a distinct propleural suture is visible
externally (Ponomarenko, 1969; Fig. 29; Beutel et al.,
2008: Fig. 12A).
A shield-like pronotum with a distinct lateral edge
and a more or less broad, inﬂected epipleural part is
likely an autapomorphy of Coleoptera s.l. This condi-
tion is already distinct in stem-group beetles (e.g.
Ponomarenko, 1969). The complete absence of the
lateral edge in Micromalthus is certainly a derived
condition. Another autapomorphy of beetles is the
presence of an internalized cryptopleuron connected or
fused with the lateral pronotal margin (Baehr, 1976;
Beutel and Haas, 2000). Pronotum and propleura
distinctly overlap in Neuropterida and Mecopterida
but are not connected as in beetles (e.g. Maki, 1936).
Baehr (1976: p. 53) interpreted this as a possible
precursor state of the coleopteran condition. Infolded
pleural parts occurring in some hemimetabolous insects
(e.g. Orthoptera, Zoraptera; Gwynne, 1995; Friedrich
and Beutel, 2008) have very likely evolved indepen-
dently.
A large, prominent and distinctly delimited propleu-
ron as part of an anterior tripartite prothoracic collar
(Hlavac, 1972; Fig. 10) is present in Priacma (Hlavac,
1975; Fig. 1), in Myxophaga (Hlavac, 1975; Figs 13–15)
and in most of the stem group fossils (e.g.  Permocu-
pedidae,  Rhombocoleidae; Ponomarenko, 1969; Hla-
vac, 1975; Beutel et al., 2008; Fig. 12). This is apparently
a groundplan feature of Coleoptera. A collar formed
only by the pronotum and proventrite has likely
25 F. Friedrich et al. / Cladistics 25 (2009) 1–37independently evolved in Ommatidae, within Cuped-
idae, in Adephaga and in Polyphaga (see Figures in
Hlavac, 1975). The pleura are fused with the notum in
Micromalthus and Sikhotealinia.
Exposed cervical sclerites are absent from Archoste-
mata as in Myxophaga and Adephaga (Baehr, 1979).
The rounded structures, found on the internal surface of
the anterior rim of the proventrite of Tetraphalerus
(Fig. 5A: cv) are probably internalized vestiges. This
interpretation is supported by the attachment of M.
dorsoventralis quartus (M. 15), which connects these
structures with the dorsal part of the occipital region of
the head. This muscle is present in the majority of
pterygote insects (Friedrich and Beutel, 2008; Idvm2⁄3;
Matsuda, 1970; op-cv 2⁄3) and is primarily associated
with the lateral cervical sclerites. M. 15 inserts on the
cervical sclerites and the proventrite in Polyphaga (see,
e.g. Beutel and Komarek, 2004; Ge et al., 2007) and on
the anterior rim of the proventrite in non-polyphagan
beetles (Larse ´ n, 1966; Baehr, 1975; Belkaceme, 1991).
The area of origin of M. dorsoventralis quartus in
Archostemata and Adephaga is often distinctly delim-
ited against the proventrite (Hlavac, 1975, p. 139;
‘‘sternal ﬂange [of Archostemata] with paired internal
regions, as in Adephaga’’), sometimes forming a hook-
like structure (Noteridae: prosternal apodeme; Belka-
ceme, 1991). Unfortunately, detailed information on the
internal surface of the proventrite is unavailable for
most members of Archostemata, Adephaga, and
Myxophaga.
Along the noto-pleural suture of Cupedidae and
Ommatidae, the lateral rim of the pronotum forms a
long ridge, ﬁtting movably into a deep furrow of the
dorsal propleural rim (pers. obs. F. Friedrich; Baehr,
1979). A similar but much shorter joint between notum
and pleura occurs in several polyphagan taxa (Baehr,
1979). The reduced length apparently results from the
reduced size of the propleuron in this suborder.
Polyphaga and Myxophaga share the fusion of the
pleura and trochantin in the prothorax. The trochanti-
nopleura of the latter taxon is connected with the lateral
pronotum by a membrane. The fusion of the pronotum
and propleura in Adephaga results in the complete
immovability of the noto-pleural suture. Whether the
ﬂexible connection is a groundplan feature of Coleo-
ptera s.str. remains unclear as the condition cannot be
assessed in stem-group fossils.
In Tetraphalerus, the propleura is delimited from the
proventrite by a distinct anapleural cleft (Figs 1A, and
2D: apc1). This is likely the plesiomorphic condition for
Ommatidae and Archostemata. Both sclerites are indis-
tinguishably fused in Omma (Hlavac, 1975; Fig. 4), and
in Sikhotealinia (Beutel et al., 2008) and in the minia-
turized species Micromalthus debilis (pers. obs. F.
Friedrich) and Crowsoniella relicta (Pace, 1975: Fig. 2).
Partial or complete reduction of the anapleural cleft has
apparently taken place several or many times indepen-
dently. It is also absent from di erent lineages of non-
archostematan beetles.
The promesothoracic interlocking device formed by a
propleural cavity and a mesanepisternal process (Fig. 3)
is a shared feature of both ommatid genera (Hlavac,
1975: p. 140; Lawrence, 1999: p. 370) and very likely an
autapomorphy of the family (Beutel et al., 2008). The
alternative interlocking mechanisms involving a propleu-
ral process and a mesanepisternal pit is present in
Cupedidae and probably an autapomorphy of this
family (Hlavac, 1975; Lawrence, 1999). The ﬁrst detailed
description of the ‘‘ommatid type’’ of the articulation is
presented in the present contribution (Fig. 3), whereas a
su cient documentation of the ‘‘cupedid type’’ is not
available yet. Further detailed investigations of these
structures in members of Cupedidae and in species of
Omma are required.
The trochantin of Tetraphalerus and Omma is qua-
drangular and slightly overlapped by the propleuron,
whereas it is more triangular and completely exposed in
Cupedidae (Figs 1A, and 2A,D; Hlavac, 1975; Baehr,
1975) and Sikhotealinea (Lafer, 1996). Probably caused
by miniaturization, the protrochantin is fused at least
with the proventrite in Micromalthus (pers. obs. F.
Friedrich) and Crowsoniella (Pace, 1975; Fig. 2). The
trochantin is movable but not exposed in Adephaga and
completely fused with the pleuron in Myxophaga and
Polyphaga (see above and character 45). A separate,
externally exposed protrochantin is obviously a plesio-
morphic groundplan feature of Archostemata and
Coleoptera. The same condition is present in stem
group fossils (e.g.  Tshekardocoleidae,  Triadocuped-
inae; Ponomarenko, 1969; Figs 29, 43, 45) and most
neuropteroid outgroup taxa (except Raphidioptera;
Ferris and Pennebaker, 1939; Matsuda, 1970).
A distinctly developed prosternal process is present in
stem group fossils (e.g.  Tshekardocoleidae,  Permo-
cupedidae; Beutel et al., 2008; Ponomarenko, 1969),
Cupedidae, Adephaga, and many lineages of Polyphaga.
The extremely shortened condition or absence is a
feature shared by Ommatidae, Micromalthus, Crowson-
iella and Sikhotealinia (Figs 1A, and 2A; Lafer, 1996;
Pace, 1975; Beutel et al., 2008), which is plesiomorphic
or may have evolved several times independently. The
process is broad and apically truncate in the coleopteran
stem group taxa, whereas it is narrow in the extinct
 Triadocupedinae, Cupedidae (Beutel et al., 2008) and
the majority of non-archostematan beetles. The loss of
the broad apical part is likely an autapomorphy of
Coleoptera s.str. (Beutel, 1997). Prosternal processes
with a broadened apical part have secondary evolved in
some representatives of non-archostematan taxa such
as, for example, Torridincolidae (Myxophaga), Cicin-
delinae, and Rhysodidae (Adephaga) (Beutel and Vanin,
2005; Beutel et al., 2008).
26 F. Friedrich et al. / Cladistics 25 (2009) 1–37A broad external posterior closure of the procoxal
cavities is present in the coleopteran stem group taxa
with the exception of  Triadocupedinae (Beutel et al.,
2008; Fig. 12; Ponomarenko, 1969). The absence is a
synapomorphy of  Triadocupedinae and Coleoptera
s.str. (Beutel et al., 2008). Like a prosternal process with
a broad apex, a broad postcoxal bridge has evolved
secondarily several times (e.g. Cicindelinae, Rhysod-
idae). It is apparent that both features, which contribute
to the mechanic rigidity of the prothorax are closely
correlated.
A distinctly developed spinasternum I, since it is
present in Priacma (Baehr, 1975), is likely a groundplan
feature of Coleoptera as it is also present in most
neuropteroid taxa (e.g. Ferris and Pennebaker, 1939;
Matsuda, 1956, 1970). The spinasternum I and its
corresponding muscles (see below) are absent from non-
archostematan taxa, and also lost in Tetraphalerus
(Fig. 8) and in Micromalthus (Barlet, 1996: ﬁg. 1, p.
376; pers. obs. F. Friedrich).
The mesothorax of Archostemata is longer than in
other recent beetles (Figs 5B, and 8; Baehr, 1975). This is
apparently a groundplan feature of the order. The
gradual shortening of the segment in the non-archoste-
matan suborders is likely correlated with the complete
loss of the ﬂight function of the elytra and the loss of
mesothoracic muscles (see below). In contrast to other
beetles, the elytra are still actively moved during the
ﬂight in Archostemata (Atkins, 1958). The mesonotum
and the elytral base are rather uniform in Coleoptera
and this does also apply to most parts of the pleural
region. However, the mesobasalar muscle disc of
Cupedidae and Ommatidae is distinctly larger than its
counterpart in Adephaga, Myxophaga, Polyphaga, and
the miniaturized archostematan species (Fig. 8: bas2;
Baehr, 1975: Fig. 15).
The mesoventrite and the mesocoxal cavities of most
members of Archostemata show a number of plesio-
morphic features belonging to the coleopteran ground
plan: a katepisternal area is delimited from the posterior
part of the mesoventrite by a distinct transverse suture
in Ommatidae, Cupedidae, in coleopteran stem group
fossils, and very likely in Sikhotealinia (Figs 1A, and 2B;
Baehr, 1975; Lafer, 1996; Beutel et al., 2008; Figs 12,
and 13), and a third mesocoxal joint is formed by a
posteromesal katepisternal process in members of these
taxa (Fig. 1A; Baehr, 1975; Beutel and Haas, 2000). A
separate mesothoracic katepisternum and the mesal
coxal articulation are absent from the small-sized
archostematan species Micromalthus debilis and Crow-
soniella relicta, and in all non-archostematan beetles
(e.g. Beutel and Haas, 2000; Friedrich and Beutel, 2006;
Beutel et al., 2008). Another coleopteran groundplan
feature preserved in Archostemata is a mesocoxal cavity
laterally bordered by parts of the metanepisternum
(Beutel et al., 2008). This condition is present in
Tetraphalerus and most other members of Archostemata
(Fig. 2B; Baehr, 1975; Beutel et al., 2008), but does also
occur in few groups of Adephaga ( Eodromeinae,
Amphizoidae, Aspidytidae; Beutel et al., 2008) and
Polyphaga (Derodontidae; Ge et al., 2007). Another
plesiomorphic feature, the presence of a spinasternum II
does occur in Archostemata and Neuroptera (Matsuda,
1970) but not in other beetles. However, to date it is only
documented for Priacma (Baehr, 1975) and Tetraphale-
rus (Fig. 5C: sp2). It is likely absent from Micromalthus
(Barlet, 1996: Fig. 1, p. 376).
Elytra with epipleura and mesothoracic and metatho-
racic locking mechanisms (e.g. Beutel, 1997) are aut-
apomorphies of Coleoptera s.l. A regular pattern of
window punctures is a groundplan feature of Coleoptera
s.l. and straight, parallel longitudinal ridges a ground-
plan feature of Coleoptera s.l. excluding  Tshekardoco-
leidae (Beutel et al., 2008). Both features are preserved
in Tetraphalerus (Fig. 6A, I) and Omma, and in all
genera of Cupedidae, but secondarily absent from the
miniaturized species Micromalthus debilis and Crowson-
iella relicta, and in Sikhotealinia (Lafer, 1996). The
elytra are usually complete in Archostemata (i.e. entirely
covering the dorsal side of the abdomen). However, they
are distinctly shortened and apically truncate in Micro-
malthus (Ho ¨ rnschemeyer, 2005).
The metathorax of Ommatidae and Cupedidae is also
characterized by a number of plesiomorphic features
belonging to the groundplan of Coleoptera s.l. A large
metathoracic trochantin is exposed in all members of
these families as in stem-group Coleoptera (Figs 1A, and
2C; Baehr, 1975; Beutel and Haas, 2000; Beutel et al.,
2008), and in Sikhotealinia (Lafer, 1996: p. 390). Like
several other plesiomorphic features it is absent from the
miniaturised archostematan species, and from all non-
archostematan beetles.
The metafurca of Tetraphalerus bruchi (Fig. 5C: fu3)
is very similar in shape to that of Micromalthus
(Crowson, 1944; Fig. 5). Both species possess a very
slender metafurca with a long stalk and short, but well
sclerotized lateral arms. The anterior furcal arms are
fused and form a median attachment structure for the
ventral longitudinal muscles (Fig. 8A: M. 82, M. 83).
The metafurca of Cupedidae (Cupes, Crowson, 1944;
Fig. 2; Priacma, Baehr, 1975; Fig. 8) is also similar, but
the lateral arms are highly reduced. Crowson interpreted
the conditions of the archostematan metafurca as the
ancestral condition in Coleoptera (Crowson, 1938,
1944). However, this interpretation needs further sup-
port. It is conceivable that at least the fusion of the
anterior arms is an autapomorphy of the suborder, and
the reduced condition of the lateral arms an autapo-
morphy of Cupedidae. The latter assumption is sug-
gested by the presence of this condition in Priacma,
which is very likely the sister taxon of all other cupedid
genera (Beutel et al., 2008).
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(Fig. 1C), Cupedidae and Micromalthus (Ho ¨ rnschemey-
er, 1998; Figs 8, 11, 13, 16A, 17) are similar in shape and
arrangement. An angle wider than 50  between the
disto-cranial margin of the ﬁrst axillary sclerite and the
axis connecting this element with the anterior notal
process is likely a groundplan feature of Coleoptera and
Neuropterida (Ho ¨ rnschemeyer, 1998; Beutel and Haas,
2000; Friedrich and Beutel, 2006). This presumably
plesiomorphic condition is preserved in Tetraphalerus
and other members of Archostemata. An autapomorphy
of the suborder is the placement of the fulcrum
underneath the second axillary sclerite (Fig. 1C: asterisk;
Ho ¨ rnschemeyer, 1998). A position of the fulcrum below
the ﬁrst axillary sclerite is plesiomorphic for Coleoptera.
The same condition is found in Neuropterida (except
Raphidioptera) (Ho ¨ rnschemeyer, 1998; Beutel and
Haas, 2000). Archostemata and Neuropterida lack a
lateral process of the second axillary underlying the ﬁrst
axillary. The presence is likely a synapomorphy of
Adephaga, Myxophaga and Polyphaga (Ho ¨ rnsche-
meyer, 1998).
The general shape and venation of the hind wing is
very similar in Tetraphalerus (Fig. 7), Omma and
Cupedidae (Kukalova ´ -Peck and Lawrence, 1993; Figs
30, 33–35) and probably represents the ground plan
condition of Archostemata. The apical ﬁeld is very small
and crossed by three more or less distinct radial veins. It
is rolled and not folded in resting position, as it is the
case in the miniaturized Myxophaga (Reichardt, 1973:
Figs 34, 35) and few small species of Adephaga (e.g.
Haliplidae) and Polyphaga (Kukalova ´ -Peck and Law-
rence, 1993; Beutel and Haas, 2000). The radius anterior
is split into two branches (RA1+2 and RA3+4) which
delimit the broad radial cell. It is distally bordered and
internally subdivided by cross-veins (Fig. 7: cr). A zone
of weakness forming a more or less distinct radial hinge
in the distal parts of the radius anterior (RA) and the
subcosta posterior (ScP) is an autapomorphy of
Coleoptera and present in all coleopteran suborders
(Kukalova ´ -Peck and Lawrence, 1993: p. 199). A well-
developed radius posterior (RP) crosses the radial ﬁeld
and forms the anterior delimitation of the oblongum cell
in all winged members of Archostemata and in Adepha-
ga and Myxophaga, but is proximally obliterated in
polyphagan beetles (Kukalova ´ -Peck and Lawrence,
1993; Figs 30, 33–35). The radius posterior splits distally
in two branches in Ommatidae and Cupedidae, with the
anterior one usually ill-deﬁned (see RP1+2 in Kukalova ´ -
Peck and Lawrence, 1993; Figs 30, 33–35). The anterior
and the posterior radial veins are connected by three or
four radial cross-veins (r1–r4). The second radial cross-
vein is present in Omma (Kukalova ´ -Peck and Lawrence,
1993; Figs 30, 31), but not in Tetraphalerus or in cupedid
species (Fig. 7; Kukalova ´ -Peck and Lawrence, 1993;
Figs 33–35). In Polyphaga, Adephaga and Myxophaga
only two radial cross-veins are present (Friedrich and
Beutel, 2006; Fig. 25; Kukalova ´ -Peck and Lawrence,
1993). Kukalova ´ -Peck and Lawrence (1993) consider
two cross-veins as the plesiomorphic condition in
Coleoptera. As an outgroup comparison is not possible
in this case, and the character remains ambiguous. A
distinct zone of weakness or bending zone (medial hinge;
Fig. 7: arrow; Kukalova ´ -Peck and Lawrence, 1993; Figs
30, 33–35) crossed by a folding line is present on the
distal part of the medial bar (MP1+2) in Archostemata
(excluding Sikhotealinia: see below), Adephaga, and
Myxophaga. It is completely absent from all Polyphaga
with the exception of Scirtoidea (Friedrich and Beutel,
2006; Fig. 25). Two cross-veins connect the distal parts
of the radius posterior (RP) and the medial bar (MP1+2)
distad of this hinge, forming the oblongum cell (Fig. 7:
ob). The oblongum is a plesiomorphic character present
in Cupedidae, Ommatidae, Adephaga, and Myxophaga
(except for extremely miniaturized species). The fusion
of the posterior ends of the cross-veins of the known
Tetraphalerus species (Fig. 7; Kukalova ´ -Peck and Law-
rence, 1993; Fig. 33) is probably an autapomorphy of
the genus. Another potential autapomorphy of Tetra-
phalerus is the small postero-mediad directed spur of the
radius posterior (Fig. 7; Kukalova ´ -Peck and Lawrence,
1993; Fig. 33). The medial spur is straight and laterally
directed in all archostematan species (Fig. 7: ms;
Kukalova ´ -Peck and Lawrence, 1993: Figs 30, 32–35).
The hind wing of Micromalthus di ers strongly from
the ommatid and cupedid pattern. The apical ﬁeld is
rounded and enlarged, occupying about the distal half
of the wing. The radial cell is small and the oblongum
cell laterally indistinctly bordered (Kukalova ´ -Peck and
Lawrence, 1993; ﬁg. 32). The venation of the medial ﬁeld
is simpliﬁed, but it shows a typical long radius posterior
(Kukalova ´ -Peck and Lawrence, 1993; Fig. 32). The anal
ﬁeld and its veins (AP) are completely absent. A strong
reduction of the anal ﬁeld combined with a very large
apical ﬁeld and the partial loss of veins, especially in the
medial ﬁeld, are typical e ects of miniaturization shared
for example by Myxophaga (Kukalova ´ -Peck and Law-
rence, 1993; Figs 23–29) and Clambidae (Kukalova ´ -
Peck and Lawrence, 1993; Figs 57–59; Friedrich and
Beutel, 2006; Fig. 25D). The hind wings of Crowsoniella
relicta are absent from the known specimens (Pace,
1975: p. 445). The hind wing venation of Sikhotealinia is
strikingly dissimilar from what is found in all other
archostematan species and strongly resembles the po-
lyphagan type of wing venation (Ho ¨ rnschemeyer, 2005;
Fig. 5.9.C). Shared hind wing features of Sikhotealinia
and Polyphaga are the absence of a closed oblongum
cell, the small radial cell (also in Micromalthus) and the
reduction of the radius posterior, which is represented
by a short, medially directed spine. The general wing
shape with a large, cuspidal apical ﬁeld and the strongly
shortened medial spur are very similar to the condition
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rence, 1993; Figs 38–40). A bending zone or even a zone
weakness is absent from the medial bar of Sikhotealinia,
as it is the case in Polyphaga excl. Scirtoidea (Friedrich
and Beutel, 2006: p. 308).
The thoracic muscular system provides important
features for the high level phylogeny of beetles (Beutel
and Haas, 2000) and Archostemata play a key role for
the interpretation of this character system. Before this
study, the thoracic muscles were only described in detail
for a single species, Priacma serrata (Baehr, 1975). This
was mainly because of the rareness of all archostematan
species, and the resulting di culty in obtaining material
suitably ﬁxed for dissection. The use of l-CT enabled us
to reconstruct the muscle system of Tetraphalerus and
Micromalthus with few specimens, and the use of this
non-destructive technique will probably strongly
increase the available anatomical information in the
near future.
As pointed out in earlier studies, the archostematan
thoracic muscle system is mainly characterized by
features plesiomorphic for Coleoptera (Baehr, 1975;
Beutel and Haas, 2000). However, some derived char-
acter states occur in Tetraphalerus in correlation with
the elongated prothorax and other modiﬁcations of the
skeleton. Mm. pronoti quartus and dorsoventralis
primus are increased in size (Fig. 8B: M. 6, M. 12)
compared with the condition in Priacma (Baehr, 1975;
Figs 8, 9). M. prosterni primus (M. 9) is absent from
Tetraphalerus, but generally present in other beetles,
with very few exceptions (Larse ´ n, 1966; Beutel and
Haas, 2000). The typical point of insertion of M.
prosterni primus is the gular ridge (cf. Larse ´ n, 1966). As
this structure is absent from Tetraphalerus (Beutel et al.,
2008), the muscle has probably shifted its attachment to
the posterior-most margin of the head capsule, and is
therefore not clearly delimited from M. prosterni
secundus (M. 10).
M. furco-cervicalis (M. 11) is described for members
of several endopterygote lineages such as Trichoptera
(Maki, 1938: 9), Lepidoptera (cf. Matsuda, 1970; :
Tab.XXI, op-s 2), Corydalinae (Kelsey, 1954: 67), and
Mecoptera (with few exceptions; e.g. Hasken, 1939;
Fu ¨ ller, 1955: 0 ism 1; Maki, 1938: 6). It does also occur
in Archostemata (Fig. 8B; Baehr, 1975; Fig. 10), and its
presence is likely a groundplan feature of Endopterygo-
ta and Coleoptera. The presence of M. episterno-spinalis
(M. 20) connecting the spinasternum I and the mesobas-
alare in Priacma (Baehr, 1975: 35) and Sialis (Czihak,
1953) is also likely a plesiomorphic feature. The absence
in Tetraphalerus is correlated with the reduced condition
of the spinasternum I (see above), which is likely fused
with the posterior end of the profurca. It is conceivable
that the unique presence of a medially intercrossing
M. profurca-mesepisternalis (Figs 8A, and 10A,D,E:
M. 21x) in Tetraphalerus is correlated with this
condition, implying that it is in fact an episterno-spinal
muscle with a slightly modiﬁed insertion. A discrete
profurca-mesepisternal muscle is also present in Sialis
(Czihak, 1953), but unlike in Tetraphalerus not inter-
crossing in the median plane. The homology of these
muscles is unclear. Additional data on further archos-
tematan species (e.g. Omma, cupedid genera) are neces-
sary for a satisfying interpretation.
The mesothoracic dorsoventral indirect ﬂight muscu-
lature of Tetraphalerus is as strongly developed as in
Priacma (Figs 8A,B, 9, and 10E; Baehr, 1975; Figs 8,
13). Mm. noto-sternalis and noto-pleurocostalis longus
(M. 44, M. 46) are distinctly smaller, but still present in
Micromalthus (pers. obs. F. Friedrich). Both muscles
belong to the groundplan of Pterygota, but are absent
from all non-archostematan beetles (e.g. Larse ´ n, 1966;
Beutel and Komarek, 2004; Friedrich and Beutel, 2006;
Ge et al., 2007). M. episterno-sternalis (M. 50), which
connects the mesobasalare with the lateral proventrite
does only occur in Archostemata [Figs 8B and 10F;
Baehr, 1975; pers. obs. F. Friedrich (Micromalthus)].
The transfer of the origin of the muscle from the
basalare to the anterior-most part of the anepisternum
in Tetraphalerus is an autapomorphy of this genus or of
Ommatidae. Another apomorphy found in Tetraphale-
rus is the modiﬁed origin of M. episterno-coxalis (M.
61). It is distinctly enlarged and extends to the meso-
ventrite (Fig. 9).
The metathoracic musculature largely conforms to the
typical archostematan pattern (Baehr, 1975; Beutel and
Haas, 2000), but di ers in a number of details from the
condition in Priacma (Baehr, 1975) and in Micromalthus
(pers. obs. F. Friedrich). The strongly developed M.
noto-episternalis brevis (M. 89) is well developed in all
archostematan beetles examined, but is always absent
from Adephaga, Myxophaga and Polyphaga (Fig. 8C;
pers. obs. F. Friedrich [Micromalthus]; Larse ´ n, 1966;
Baehr, 1975; Beutel and Haas, 2000; Friedrich and
Beutel, 2006; Ge et al., 2007). M. trochantero-basalaris
(M. 112) is absent from Tetraphalerus as in Adephaga,
Myxophaga and Polyphaga (cf. Beutel and Haas, 2000),
but present in Priacma (Baehr, 1975), Micromalthus (F.
Friedrich, pess. obs.), and also in the neuropterid
outgroup taxa (e.g. Korn, 1943; IIpm3; Kelsey, 1957:
166). M. noto-pleuralis (M. 92) is well developed in
Priacma (Baehr, 1975) and Neuropterida (Czihak, 1953;
Kelsey, 1957), but absent from Tetraphalerus, Micro-
malthus (F. Friedrich, pers. obs.) and all non-archoste-
matan beetles (Beutel and Haas, 2000; Friedrich and
Beutel, 2006; Ge et al., 2007).
The very thin M. episterno-spinalis and M. mesofur-
ca-basalaris (M. 87, M. 88) are present in Priacma
(Baehr, 1975: 67, 68), but are probably both absent from
all non-archostematan beetles and in Tetraphalerus and
Micromalthus. The absence of the extremely thin M. 87
could not be veriﬁed for Tetraphalerus with certainty
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but M. 88 is deﬁnitely missing. A mesofurca-metabas-
alar muscle occurs very rarely in Endopterygota (Myr-
meleon, Korn, 1943: IIpm17; Lepidoptera, Nu ¨ esch,
1953: pv 8; Ehrlich and Davidson, 1961: 98; Ehrlich
and Ehrlich, 1963: 98 in ﬁg. 80). Metanepisterno-
mesospinal muscles are not described in other endo-
pterygoteinsects,butdooccurinseveralhemimetabolous
orders (e.g. Grylloblattodea, Blattodea, Zoraptera;
Walker, 1938; Carbonell, 1947; Friedrich and Beutel,
2008)
Phylogeny
As in Beutel and Haas (2000) Coleoptera are very
strongly supported statistically (Bremer support 24) and
by numerous derived features mainly related to a
strongly armoured body. Well-known autapomorphies
are the absence of externally exposed membranes,
forewings transformed into sclerotized elytra, elytral
locking mechanisms (scutellar shield and alacristae), a
simpliﬁed hind wing venation (see also Kukalova ´ -Peck
and Lawrence, 2004), hind wing folding and the
underlying structural modiﬁcations (ﬂexible anterior
margin of the alae), a strongly or completely reduced
abdominal sternite I, and the retracted posterior
abdominal segments. Another series of apomorphies is
the loss of several thoracic muscles. In contrast to Beutel
and Haas (2000), incompletely sclerotized elytra with
window punctures are assigned to the groundplan of
beetles. Further apomorphies revealed in a study also
including fossil taxa (Beutel et al., 2008) are the presence
of cuticular tubercles on most parts of the body surface
and the presence of a broad prothoracic postcoxal
bridge. As pointed out in Beutel and Haas (2000), most
of the derived features are likely related to a preference
of ancestral beetles for subcortical habitat (see Beutel
et al., 2008). The strong mechanical protection of the
body and the wedge-shaped prognathous head are
apparently adaptations to penetrate narrow crevices.
Arguably, the tuberculate surface found in Cupedidae
and Ommatidae (Figs 2 and 4) is also correlated with
the preference for subcortical habitats (Beutel et al.,
2008). Similar surface modiﬁcations occur in wood-
associated tenebrionoid beetles and Aradidae (see Beutel
et al., 2008).
As in Beutel and Haas (2000) Archostemata were
placed as sister group of the remaining beetle suborders.
The support of the monophyly of the adephagan-
myxophagan-polyphagan clade is distinctly stronger
(Bremer support 11 versus 5) after the inclusion of
potentially ancestral polyphagan groups (Scirtoidea,
Dascillidae). The most important complex of evolution-
ary changes are simpliﬁcations of the thoracic skeleton
and muscle system. This includes the reduction of the
spinasternum I, the loss of the mesothoracic transverse
ridge, fully sclerotized elytra without window punctures,
a reduced and internalized metathoracic trochantin,
several muscle losses, and the partial fusion of muscles
in both pterothoracic segments. It was pointed out in
Friedrich and Beutel (2006) and Ge et al. (2007) that the
thoracic muscle system of Scirtoidea, Dascillidae and
Derodontidae is not more plesiomorphic than in other
groups of Polyphaga, and the results of our analysis
shows that the conditions found in these groups do not
reﬂect the coleopteran groundplan. It has to be noted
that the presumably ancestral conditions are not pre-
served in all groups of Archostemata. The mesothoracic
transverse ridge, the window punctures of the elytra,
and the exposed metatrochantin are absent from
Micromalthus and Crowsoniella (Pace, 1975; Ho ¨ rnsche-
meyer, 2005), probably as a result of miniaturization
(Beutel et al., 2008). The window punctures are also
absent from Sikhotealinia (Lafer, 1996), and possibly
also the exposed trochantin. Unfortunately, the oppor-
tunities to examine the only known specimen are very
limited for obvious reasons.
The support for a clade comprising Myxophaga and
Polyphaga is slightly better than in Beutel and Haas
(2000) (Bremer support 4 versus 2). The larval leg with
ﬁve segments and a single claw is unambiguously placed
as a synapomorphy of both suborders. Another
potential synapomorphy is the presence of a mandibular
mola in adults, with secondary losses within Polyphaga.
It was pointed out in Anton and Beutel (2006) that a
feeding apparatus with large molae, and mandibular
brushes interacting with hairy epipharyngeal and hypo-
pharyngeal lobes may be a groundplan feature of the
myxophagan-polyphagan clade. The condition generally
found in Myxophaga and in presumably basal lineages
of Polyphaga (Anton and Beutel, 2004) is likely related
to primary microphagous feeding habits. We did not
include the epipharyngeal and hypopharyngeal charac-
ters here, as detailed data are missing for many groups
of Polyphaga. The fusion of the trochantin with the
pleuron (e.g. Hlavac, 1972) was conﬁrmed as a myxo-
phagan-polyphagan synapomorphy. However, the two
sclerites are also absent as separate elements in Micro-
malthus (see above). The fusion of the mesoventrites and
metaventrites was not unambiguously conﬁrmed as a
synapomorphy of Myxophaga and Polyphaga, as the
ancestral condition for Coleoptera excl. Archostemata
could not be determined. However, the analysis shows
clearly that pterothoracic ventrites connected by mem-
branes, as found in Scirtoidea and Derodontidae result
from reversal, as pointed out by Friedrich and Beutel
(2006) and Ge et al. (2007). The loss of M. noto-
trochantinalis mesothoracic is another shared derived
feature of the two suborders. However, the muscle is
also absent from Tetraphalerus and Gyrinus.
The monophyletic origin of all suborders was
conﬁrmed with Adephaga having the lowest Bremer
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tional apomorphies of Adephaga not included here are
the presence of pygidial defensive glands and the ﬁrmly
connected abdominal sternites II-IV (Crowson, 1955;
Lawrence and Newton, 1982).
The archostematan groups included here are mainly
characterized by larval apomorphies likely associated
with wood-boring habits (e.g. stout mandibles with three
blunt apical teeth, enlarged, sclerotized and wedge-
shaped ligula). However, larval features are unknown
for Tetraphalerus, Crowsoniella, Sikhotealinia, and sev-
eral cupedid genera. Autapomorphies of all archoste-
matan groups (excluding stem group Coleoptera [e.g.
 Tshekardocoleidae,  Permocupedidae,  Rhombocole-
idae,  Triadocupedinae]; Beutel, 1997) are listed in
Beutel et al. (2008). The branching pattern obtained is in
agreement with previous studies (Beutel and Ho ¨ rnsche-
meyer, 2002a,b; Ho ¨ rnschemeyer et al., 2002, 2006;
Beutel et al., 2008). A clade comprising Cupedidae and
Micromalthidae, but not Ommatidae is also strongly
supported by larval features (e.g. distinctly delimited
quadrangular larval mola, prosternum with asperities;
Beutel and Ho ¨ rnschemeyer, 2002a,b; Beutel et al.,
2008). In the analysis carried out here, the presence of
cuticular scales is an archostematan apomorphy in the
fast optimization mode. However, this peculiar surface
structure is more likely a derived groundplan feature of
Coleoptera in the broadest sense (Beutel et al., 2008).
A unique feature of the strongly miniaturized Myxo-
phaga is the presence of an articulated tooth only on the
left mandible (also conﬁrmed for Lepiceridae; Anton
and Beutel, 2006). Another unusual feature is the
rounded larval prostheca (Beutel and Haas, 1998). The
spiracular gills are very likely not an autapomorphy of
the suborder, but a synapomorphy of Torridincolidae,
Microsporidae and Hydroscaphidae. They are absent
from the yet undescribed larvae of Lepiceridae (J.
Lawrence, pers. comm.).
The monophyly of Polyphaga is strongly supported
with a Bremer support of 8 versus 5 in Beutel and Haas
(2000). Autapomorphies include the distinctly reduced
and largely internalized propleuron, further muscle
losses, modiﬁcations of the hind wing, and features of
the wing articulation. The presence of cervical sclerites
could be considered as a plesiomorphic condition but
this would imply parallel losses in the other groups,
which is less parsimonious than a secondary gain in
Polyphaga (and tertiary loss in few subgroups). The
presence of an oblongum cell forming a medial loop was
suggested as a potential apomorphy of Coleoptera
excluding Polyphaga by Kukalova ´ -Peck and Lawrence
(2004). This interpretation was not supported by the
results of our study.
It is undisputed that the studies of Kukalova ´ -Peck
and Lawrence (1993, 2004) provided a rich source of
data and that the proposed phylogenetic hypothesis
therein cannot be ruled out yet. However, as pointed out
in Beutel and Haas (2000), we consider it as problematic
to use only one character system, which may have been
strongly a ected by selective pressure. The proposed
branching pattern with a basal polyphagan lineage and
Adephaga as sister group of Myxophaga requires 15
additional steps with our data set (constrained branch-
ing pattern using PAUP), which also includes characters
used by Kukalova ´ -Peck and Lawrence (1993, 2004). It is
also in contrast to all hitherto published available results
of molecular analyses (Shull et al., 2001; Caterino et al.,
2002; Vogler, 2005) and to unpublished preliminary
trees based on ﬁve di erent genes (Alex Wild, pers.
comm.). In addition to this, the comparatively late
appearance of beetles unambiguously identiﬁable as
Polyphaga in the Upper Triassic is more in accord with
the Crowsonian scenario supported here and in Beutel
and Haas (2000). It was pointed out in Kukalova ´ -Peck
and Lawrence (2004) that the identiﬁcation of detached
elytra is problematic. The argument that polyphagan
beetles may have existed earlier than documented in the
fossil record (Kukalova ´ -Peck and Lawrence, 2004) is
not convincing. This is also true for other groups (e.g.
Adephaga and Archostemata s.str.) and it appears
somewhat unlikely that existing polyphagan taxa did
not leave their traces in Lower Triassic deposits, which
display a remarkable diversity of archostematan and
adephagan species (e.g. Ponomarenko, 1977, 1995).
The branching pattern based on published molecular
trees (Shull et al., 2001; Caterino et al., 2002) is less
strongly in conﬂict with the results of our analyses. A
scenario with the two large suborders as sister groups
requires four additional steps with our data set. The 18S
rDNA-based hypotheses are somewhat weakened by the
fact that Coleoptera and the suborders were constrained
as monophyletic (Caterino et al., 2002). It was pointed
out by Vogler (2005) that this gene provides meaningful
phylogenetic information for some groups but not for
others. Apparently, its phylogenetic signal is not su -
cient for a reliable reconstruction of the relationships of
the beetle suborders. The placement of Cupedidae as
subordinate group within Myxophaga as shown in Hunt
et al. (2007) appears very unlikely considering the
morphological evidence. The controversy of coleopteran
subordinal relationships may be solved by a combina-
tion of a broad and well documented morphological
character set and an extensive molecular data set
comprising di erent nuclear genes and the entire mito-
chondrial genome. This approach is followed in the
current Beetle Tree of Life project.
Evolution
The transition from a form probably resembling
extant Megaloptera (Crowson, 1975) to a protocoleo-
pteran stage took probably place in the earliest Permian
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earliest evolution of Coleoptera was the formation of
partly sclerotized elytra, a wedge-shaped head, and a
strongly sclerotized body without any exposed mem-
branes. It is very likely that the earliest beetles such as
 Tshekardocoleidae were mainly adapted to penetrate
into narrow subcortical spaces (i.e., under tree bark). An
important change in the evolution of the beetle stem-
group was the morphological adaptation of the elytra to
the abdomen. The tight ﬁt resulting in the formation of a
largely closed subelytral chamber reduced water loss via
the tracheal system and was apparently a prerequisite to
later multiple invasions of the aquatic environment
(Beutel, 1997). Interestingly a similar evolutionary
pattern is found in Heteroptera, which are characterized
by hemielytra (see Crowson, 1995). A transformation
likely correlated with the shortening and narrowing of
the elytra was the development of a transverse wing
folding mechanism, which unlike the longitudinal fold-
ing very likely does not belong to the groundplan of
beetles (Beutel and Haas, 2000). Another change taking
place in the Permian stage of beetle evolution was the
loss of the broad prothoracic postcoxal bridge (Beutel,
1997). This reduced the mechanical protection to a
certain degree but resulted in an increased mobility of
the head–prothorax complex. A broad bridge has re-
evolved several times independently, as for example in
Rhysodidae and Cicindelinae (Beutel, 1992). The evo-
lutionary changes linked with the rise of Coleoptera
s.str. were apparently inconspicuous. Two potential
synapomorphies of the four extant beetle suborders are
the narrowed prosternal process and the loss of the
propleural suture (Beutel et al., 2008). In contrast to
this, the splitting event resulting in Archostemata s.str.
and the remaining beetle suborders was linked with
numerous morphological transformations, especially a
distinct simpliﬁcation of the thoracic skeletomuscular
system (see above and below).
Archostemata, as deﬁned here, is the suborder that
has preserved most ancestral features of Coleoptera,
such as the incompletely sclerotized elytra, which are
still activated during ﬂight, a preserved mesothoracic
katepisternum, an exposed metathoracic trochantin, and
a relatively complete set of thoracic muscles. The group
was widely distributed and moderately diverse in the
early Mesozoic (Ponomarenko, 1969, 1995). The om-
matid genus Tetraphalerus is today only represented in
isolated areas of Argentina and possibly in adjacent
countries, whereas the fossil record documents its wide
distribution in the Jurassic. Extinct Tetraphalerus spe-
cies are known from Lagersta ¨ tten in China, Russia, UK
and Spain (Crowson, 1962; Ponomarenko, 1969, 2000;
Tan et al., 2005). Extant archostematan beetles (with the
exception of Crowsoniella relicta) are absent from
Europe, but their former presence is documented by
cupedid fossils in Baltic amber. The diversity of Archo-
stemata dropped dramatically in the late Mesozoic
(Ponomarenko, 1995), in contrast to that of non-
archostematan lineages of wood associated beetles.
Rhysodidae (or Rhysodini; Bell and Bell, 1978), the
only truly xylobiontic (i.e. xylem-inhabiting) adephagan
beetles, are only a moderately successful group, but with
c. 1000 described species are far more diverse than
extant Archostemata. Within Polyphaga, more or less
specialized xylobiontic habits have evolved many times
independently, in a few groups of Scarabaeoidea, in
several elateroid lineages (e.g. Eucnemidae), in Lyme-
xylidae, in tenebrionoid and cucujoid families (e.g.
Prostomidae, Pyrochroidae, Pythidae), in Buprestidae,
in Cerambycidae, and in the curculionid subfamily
Scolytinae. The most species rich xylobiontic groups, the
elateriform Buprestidae and the cucujiform Cerambyc-
idae, comprise 20 000 and 35 000 described species,
respectively, and the Scolytinae includes some 6000
species (Farrell et al., 2001). Other than the ambrosia
beetles (Farrell et al., 2001), these three groups are
largely dependent on phloem and often attack living
trees, while most others feed on fungi and slime-moulds
inhabiting decaying trees. The number of wood associ-
ated polyphagan species is probably close to 100 000
versus only 40 in Archostemata. The other main groups
of wood-digesting insects, including the woodwasps
(Hymenoptera: Anaxyelidae, Siricidae, Xiphydriidae)
and Cossidae moths (Lepidoptera), number in the low
hundreds.
One factor that might have contributed to the decline
of Archostemata is the less e cient locomotory system,
with more degrees of freedom in the exoskeleton and a
comparatively complex muscle apparatus (Beutel and
Haas, 2000; see above). The splitting event resulting in
the rise of a lineage comprising all non-archostematan
suborders was mainly marked by various simpliﬁcations
of the thoracic exoskeleton (see above), and especially
by a correlated distinct reduction of the muscle system.
It was pointed out in Beutel and Haas (2000) that this
resulted in a more e cient and more economic locomo-
tory apparatus.
The known larvae of Archostemata are highly
adapted wood-boring forms, or burrow in soil and
feed on roots (e.g. Omma; Lawrence, 2001). It is likely
that their wood-boring habits evolved in the early
Triassic (Crowson, 1975; Labandeira, 1994). Larval
groundplan features associated with the specialized
xylobiontic life style are the sclerotized wedge-shaped
head, the strongly sclerotized enlarged ligula, the more
or less cylindrical, unsclerotized body, the shortened
legs, and the tergal ampullae (Beutel and Ho ¨ rnsche-
meyer, 2002a,b). In their morphology, archostematan
larvae are obviously as specialized as any other
xylophagous beetle larvae (e.g. Buprestidae, Ceram-
bycidae) and very well adapted to their environment.
However, one important feature distinguishing Archo-
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groups is that they were obviously primarily adapted
to ‘‘primitive’’ gymnosperms (Crowson, 1975:
Araucarioxylon). Unfortunately, there is very little
known about the habitat preference of archostematan
larvae (e.g. Fukuda, 1941). However, an association
with coniferous trees is probably still maintained by
most extant groups (e.g. Abies, Picea, Pinus, and
Pseudotsuga; Fukuda, 1941; Lawrence, 1991; Ho ¨ rn-
schemeyer, 2005), although larvae of Micromalthus
were also found in wood of deciduous trees (Acacia,
Eucalyptus; Lawrence, 1991). It is conceivable that
Archostemata were less capable of adapting to the
rapidly diversifying angiosperms in the late Jurassic
and early Cretaceous than members of ‘‘more
advanced’’ groups of beetles such as Tenebrionoidea
or Cerambycidae, and were not subject to the appar-
ent co-diversiﬁcation that ensued (Farrell 1998). An
environment-related feature lacking in Archostemata
but characterizing beetles belonging to the extremely
species-rich Cucujiformia, is the cryptonephric Malpi-
ghian tubules. These specialized excretory organs
permit adult cucujiform beetles (and other insects)
independence from moist environments, and allow
existence in very arid habitats (e.g. Tenebrionidae [c.
18 000 spp.]), and exposure on external plant parts
(e.g. Chrysomelidae [c. 35 000 spp.], Curculionoidea
[c. 75 000 spp.]).
The lack of information on the biology, habitat
preference and immature stages of most species of
Archostemata, especially of Jurodidae, Crowsoniellidae
and Ommatidae, make evolutionary interpretations
speculative. However, it appears plausible that a com-
bination of factors outlined here have contributed to the
peculiar diversiﬁcation pattern in Coleoptera, with the
nearly extinct Archostemata as the sister group of a
clade comprising the highly specialized, mainly hyg-
ropetric and strongly miniaturized Myxophaga, the
mainly predacious and ground-dwelling Adephaga
(more than 30 000 species), and the extremely successful
Polyphaga, with numerous di erent life styles, but with
xylobiontic or phytophagous habits in the most suc-
cessful lineages.
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